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Abstract 
Title of dissertation: Assessment of alternative maritime power (cold 
ironing) and its impact on port management 
and operations. 
 
Degree: MSc  
Cold ironing is an emerging port-based emission reduction technology that is fast 
gaining grounds with environmental pressure groups and port cities at the fore 
front of its advocacy. The dissertation discusses the potential impact of cold 
ironing on the management and operations of ports. Other existing port emission 
reduction techniques are also thoroughly discussed and compared with that of 
cold ironing.  
The study examines the cost-effectiveness analysis for shipping companies, the 
cost implications for ports, the return on investment and the safety aspect of 
using cold ironing in ports. An attempt is made to estimate the financial 
investments that ports are likely to make based on low cost and high cost 
estimates.  
The policy of the international and regional port organisations were analysed as 
well as the advocacy roles they are playing in the adoption or otherwise of cold 
ironing. The environmental policies of two ports that are currently using cold 
ironing together with two other ports that have expressed their interest to use 
cold ironing as per the Community 40 climate conference in Rotterdam in 2008 
were reviewed. 
Conclusions are drawn based on the analysis of the results obtained and 
recommendations are subsequently made together with the need for further 
studies to be conducted on the comparison between the available emission 
reduction techniques and their effect before an introduction (or a combination) is 
chosen.    
KEY WORDS: emission reduction techniques, cost-effectiveness 
analysis, financial investments, return on 
investment, safety, low cost and high cost 
estimates.  
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Chapter One. 
1.0  Introduction 
Globalisation and the changing world economics have generated new geo-political 
situations, which make the success of seaports no longer dependent on their exclusive 
performances. The degree of success and turnover of seaports are more and more in 
addition to their own core competencies, qualifications and performances also 
dependent on external factors such as the “networking” in and around the port’s 
foreland and hinterland connections, lack of and delay in capacity due to absence 
and\or refusal of support by port communities and the (non) intervention of ‘green’ 
pressure groups. Consequently a re-assessment of port management strategy is needed 
among other things to secure investments, as most ports are facing rather hostile or 
negative perceptions by the surrounding communities and hence needs to work very 
hard to ameliorate the environmental impact of its operations.  
 
With the basic resources of ports, such as sufficient land and water surfaces becoming 
scarce assets, it invariably makes the constant social and environmental pressures a 
permanent challenge to the economic functions of seaports. In the light of this, port 
competition therefore no longer depends solely upon market conditions, but also on 
non-market conditions, which are influenced by good human interrelationships. The 
impact of such situations given today’s existing stakeholders and pressure groups, is 
to be taken seriously by port authorities. (Wilkelmans, 2003, p.1). 
 
The volume of global trade has been rising steadily in the past few years with nearly 
90 % being moved by sea (PwC, 2008, p.3), as a consequence ports are increasingly 
coming under pressure to reduce the emissions from diesel and other contaminants 
that pollute the air.  Therefore in an effort to reduce emissions from diesel engines, 
some ports are setting up terminals to supply shore electrical power to ships, also 
called cold ironing (CI), Alternative Maritime Power (AMP), shore power, On-shore 
power supply (OPS). 
For the purposes of this dissertation, any of these terms shall be interchangeably used 
to mean the same thing, however, CI was predominantly used.   
 
Whereas ports are experiencing increasing economic activities, port cities worldwide 
are also grappling with the health effects of shipping related pollution, even though 
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ocean-going vessels (OGV) are now heavily regulated, they still continue to use less 
expensive fuels resulting in the use of the dirtiest fuel available to generate on-board 
electrical power. Port pollution is considered bad and is rapidly getting worse, in 
furtherance of this Cannon (2008, p.7) noted that ports needs to work on remedial 
programmes to combat pollution in ports which include the use of dock side 
electricity for ships at berth, use of lower sulphur alternative fuels in auxiliary engines 
and shore-based emission treatment. 
With today’s global market for world trade and the import and export of commercial 
products, large vessels therefore need to moor at ports that can accommodate their 
power requirements while eliminating emissions from their auxiliary engines, hence 
the push for CI facilities in ports so as to reduce the amount of pollutants emitted into 
the atmosphere. 
 
CI is a process by which large commercial vessels such as cruise liners, large oil 
tankers (ULCC’s), large container vessels (VLCC’s) and large cargo vessels turn off 
their primary on-board ship power and connect to shore power when alongside the 
quay, these port emissions contribute to regional and municipal air pollution and 
impact a region’s ability to meet attainment of good air quality standards. 
Emissions in ports come from vessels, harbour-craft activities, cargo handling 
equipment, locomotives and trucks used in cargo transfer and storage operations, 
because almost all engines used in these activities are diesel-fuelled.    
Until recently, the environmental consequences of port operations went largely  
unrecognised by the public and virtually ignored by government policy makers 
however, public concern has been growing and an effort to tackle the complex 
challenge of reducing air pollution from ports is gathering momentum. Because 
frantic efforts have already been made to reduce land based sources of pollution to 
improve urban air quality, pollution from ports is now gaining attention, as it is 
becoming a going concern.  
Environ (2004, p.19) outlined some advantages of having the CI facility in port, they 
include the reduction of NOx, SOx and PM emissions, freeing ship personnel assigned 
to operate power equipment for other work, providing time for inspection and small 
repairs and reducing noise levels on and near the ship. 
Disadvantages of CI were also identified as safety of operation while ships are being 
connected and disconnected from shore power, the high cost of installation at both 
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port and on ship, and the long lead times to engineer and retrofit power lines, sub-
stations and ships. 
     
Even though air quality and environmental groups continue to strongly advocate for 
the use of CI, shipping companies have been less enthusiastic in responding to this 
advocacy. For instance, ship owners contend that it costs more to have both diesel and 
electric capabilities for their ships, there are safety and operational concerns about the 
cumbersome ship-to-shore cable connections, and worse of all they are just not 
willing to foot the electricity bills, which can run into thousands of dollars per ship. 
Some ship owners are therefore skeptical about the real environmental benefits of CI, 
arguing that more energy is consumed powering a ship from the shore power rather 
than with its own engine.  
Ports and terminal operators on the other hand also worry about the additional cost of 
setting up the shore-side facility and the cost effectiveness of CI.  
 
Finally, there is also the question of whether there is sufficient shore power available 
for widespread cold ironing in large ports considering the number large vessels calls 
per day.  
 
1.1  Statement of Problem 
At the 2005 Helsinki Commission Maritime Group Fourth Meeting in Klaipeda, 
Lithuania, Germany and Sweden submitted a paper discussing the reduction of 
emissions from ships in ports by using an OPS supply 1 . The report listed 
disadvantages of using shore-power as: (1) the relatively high cost of shore-side 
electricity to the fuel for on-board power generation; (2) increase of carbon dioxide 
emissions if the shore-side electricity was generated by coal-fired power plant; (3) 
lack of international standards for on-board and shore-side electricity (voltage and 
frequency compatibility); (4) difficulty of cable connection; potential harm to 
sensitive on-board electronic equipment during power switchover; (5) power demand 
at-berth could be significant; and (6) difficulties in cost-effectiveness analysis since 
each ship and terminal was unique and also site-specific. The two countries suggested 
                                                 
1 Helsinki Commission, Maritime Group Fourth Meeting, Agenda Item 6 – “Emission from Ships”, 
Submitted by Germany and Sweden – “An Information Paper on the Reduction of Emissions from Ships in 
Ports by Using On-shore Power Supply (Cold-Ironing)”. October 11-13, 2005 
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that a thorough evaluation of the transport systems’ potential to reduce their 
environmental impacts by using shore-side electricity connections, and likewise 
comparison of the cost of shore-side electricity with best available technology for 
emission reduction of on-board power generation should be conducted before the 
decision to introduce the shore-side power supply was made. 
In May 2006, the Swedish government encouraged ship owners to use shore-side 
electricity with a tax exemption as an incentive to reduce ships’ air emissions while in 
port. Later, the European Commission issued a non-binding recommendation to the 
member states to offer economic incentives, including electricity tax reductions, to 
port operators using shore-side power. It recommended ports, where air quality was 
not meeting local standards, noise of port operation became a public concern, or 
berths were situated near residential areas, to consider the use of shore-power for 
ships2.  
 
1.2  Research Question 
Ports have spent and continue to spend a substantial proportion of their generated 
revenue on pollution reduction strategies, so as to remain ‘green’ by cutting down 
emissions from port operations through the use of ‘cleaner fuels’ to power harbour 
crafts and equipment, disposal of old harbour crafts and equipment, the acquisition of 
new equipment and the reduction in truck movements within the port.  
To this end the questions to be addressed are: 
1. What is likely to be the response of ship operators to the concept of CI? 
2. What will be the impact of CI on port management and operations? 
3. Will CI be cost effective compared to other alternative emission reduction 
techniques?  
4.    Will the standardisation of CI facilities address the safety concerns associated 
with the use high voltage electricity in ports? 
 
 
 
 
                                                 
2 Official Journal of the European Union, “Commission Recommendation of 8 May 2006 on the Promotion 
of Shore-side Electricity for Use by Ships at Berth in Community Ports”, 2006/329/EC. 
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1.3  Justification for the Research 
CI is gradually becoming an emerging port-based emission reduction technology in 
the maritime industry which is aimed at reducing the emissions of NOx, SOx and PM 
into the atmosphere within the port environment to zero or to the barest minimum.  
Concerns have been raised by various stakeholders culminating in two schools of 
thought on the actual impact of CI on ports. This study therefore, takes a look at the 
qualitative and quantitative impact of CI on the management and operation of ports 
with the view to ascertain its impact whether it is positive or negative (costly).  
 
1.4  Objectives of research 
Against this background, the main purpose of this dissertation is to determine the 
following about the CI facility in relation to the environmental benefits: 
• Cost effectiveness analysis for shipping companies 
• Cost analysis for ports   
• Return on Investment 
• Safety in port. 
 
1.5  Research methodology and Sources of information 
These research objectives were achieved mainly through collection of primary and 
secondary data. The primary data was sourced from interviews and data on vessel 
calls from three ports namely Ports of Rotterdam, Tema and Copenhagen-Malmo.  
 
A telephone interview was conducted with the electrical manager of the CI facility at 
the port of Göteborg and the Public Relations Officer (PRO) of Cavotec MSL 
Holdings Ltd. 
The secondary data sources included books, regional reports from port organisations, 
international reports, proceedings from regional and international Seminars and 
conferences, newspaper articles, as well as the internet. 
 
1.6  Structure of Dissertation 
The dissertation consists of five (5) chapters. 
Chapter 1: The Introduction, which discussed the problem statement, the research  
question and the objectives of the research. This chapter gives a broad overview of the  
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subject matter which is of interest to me and also justifies the necessity for carrying  
out this research work. 
 
 Chapter 2: Environmental Policies of the International Association of Ports and  
Harbours (IAPH), European Sea Port Organisation (ESPO) and the American  
Association of Ports Authority (AAPA) were reviewed with reference to their air  
quality and emission reduction strategies in ports.  
This chapter also looked at the environmental profile of some major ports already  
using cold ironing, specifically the ports of Goteborg and Long Beach as well as the  
environmental profile of two major ports which have also registered their intentions to  
use the CI facility in the not too distant future, namely the ports of Rotterdam and  
Singapore. 
 
Chapter 3: In this chapter literature was reviewed on the alternative emission control  
techniques as well as cold ironing with emphasis on their environmental benefits,  
the cost of installation and operations and the safety concerns.  
 
Chapter 4: In this chapter, the methodology used in analysing the results was spelt  
out, together with some reasonable assumptions made for the purpose of this research.  
 
Chapter 5: This chapter discussed the results obtained from the analysis of the data  
collected. 
 
Chapter 6: The chapter summarised findings and arrived at a conclusion.  
This chapter also recommends what should be done in view of the substantial  
environmental benefits of CI coupled with the high cost of investment for both ports  
and shipping lines, so as to create a win-win situation for all stakeholders to make the  
CI technology a sustainable one in the medium to long term. 
 
 
 
 
 
 
6 
Chapter two. 
 
2.0 Policy of Port Organisations and Ports on CI.  
The purpose of this chapter is to review the environmental regulations and policies of 
the IAPH and two regional port organisations to ascertain if there has been a 
conscious effort (binding or non binding) to edge their members to adopt CI as a 
means of reducing pollution in their respective ports. This chapter also reviewed the 
environmental policies of two ports that are currently using the CI facility as well as 
two other ports which have expressed their willingness to have the CI facility in their 
respective ports. This chapter will ultimately give an indication of the extent to which 
ports and port organisations view the adoption of CI as a good pollution reduction 
strategy or not. 
 
2.1 International Association of Ports and Harbours (IAPH). 
2.1.1  Strategy – Shore Power focuses on reducing dwelling (hotelling) emissions 
from OGVs while at berth. This strategy has two approaches 1) shore-power 
(transferring the electrical generation needs for OGVs while at berth – power 
generated by regulated/controlled stationary sources) and 2) hotelling emissions 
reduction requirements through alternative technologies for ships that do not fit the 
shore power model. Shore power is best for OGVs that make multiple calls at a 
particular terminal for multiple years. The best candidates for shore power are 
container ships, reefer ships, and cruise ships.  
 
2.1.2  Technical Considerations – Provide shore power infrastructure on-dock and 
on-board vessels. Determine necessary power needed and ensure adaptability. It is 
important to consider the local power company that is providing the electrical power 
to the terminal. Some power companies operate coal-burning power plants without the 
use of scrubbers and other types of emission control technologies. Ensure that the 
local power company is using a cleaner source of energy with use of emission control 
technologies. In some cases, it may be better not to use shore power if the local power 
company has dirty polluting power plants. 
 
2.1.3 Options for Implementation – Implementation strategies include lease 
requirements, incentives, tariff changes and capital funding. 
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2.1.4 Pros and Cons – Positive emission reduction benefits while at port with shore 
power. Challenges occur with infrastructure cost and shore power hook up. Shore 
power requires extensive infrastructure improvements. Additionally, shore power only 
addresses local port emission reduction benefits only during the period when the 
vessel is at berth and does not address OGV voyage emissions (IAPH, 2009). 
 
2.2  European Sea Ports Organisation (ESPO) 
2.2.1 Shore s ide electricity -  AMPing  
One of the ways a port authority could actively contribute to improving local air 
quality would be offering shore side electricity at berth as alternative energy supply. 
While this would obviously directly reduce the amount of fuel used by a ship at berth, 
it should not be forgotten that alternative energy need to be delivered by the land 
power grid (by energy plants which in turn produce considerable CO2 emissions). 
Moreover, seaports would like to underline that the decision to introduce shore side 
electricity should clearly be based on cost-effectiveness. A vessel spends only limited 
time at berth. If any measures need to be taken it is very likely that technical changes 
to the vessel itself are far more cost-effective than introducing shore side electricity. 
Adaptation of the vessel would reduce emissions when the ship is sailing as well 
as when a ship is in a port. 
Therefore ESPO believes that the application of shore side electricity has a limited 
effect, and can only be a small part of the total effort to improve air quality. 
As regards the application of AMPing in general, ESPO would like to underline that: 
improvement of source control measures in Annex VI of Marpol 73/78 should be 
further stimulated to decrease the emissions by ships; 
• local situations play an overriding role in deciding where and when to apply                      
AMP; 
• global standards for supply and transfer have to be urgently developed to avoid 
differing national or regional regimes and 
• ports and shipping should be encouraged to exchange information on best 
practices. 
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2.2.2 Global standards. 
ESPO believes that technical standards for the use of shore side electricity need to be 
developed at international level. Only in that way the further development can be 
cost-effective and efficient. The international sister organisation of ESPO, IAPH, has 
already started close collaboration with ISO (ISO/TC8/SC3) to develop technical 
standards for power transfer, also known as AMP. ESPO fully supports the work 
being carried out at international level in ISO as it believes that global technical 
standards are a must to further encourage local application. Such lack of standard will 
not only impose huge expenses on ship owners/operators and port authorities/facilities 
to adapt to shore/ship connections but also hamper them to introduce shore power 
supply in their facilities. 
The working group is currently reviewing local, national and international 
requirements for on-shore power supply connections for ships including IMO 
requirements. In recognizing that it would be very difficult to have an approach of 
"one size fits all for all ships", it was decided to develop ISO guidance for various 
types of ships i.e. cruise, container & Ro-Ro, tanker & LNG carrier, ferry and bulker. 
For all these types of ships the following main items were identified which should be 
studied and commented upon by the various groups: testing & responsibilities, 
grounding, cables & connectors, personnel safety & control/communication. 
2.2.3 European Recommendation on the use of shore side electricity. 
EU ports welcomed the Commission's recommendation of May 2006 on the use of 
shore side electricity. According to EU port authorities the recommendation clearly 
defined the potential of shore side electricity. The Recommendation serves as an 
incentive for Member States to take action and to harmonize standards to the greatest 
extent possible, something ESPO clearly supports. Nevertheless the Recommendation 
also indicates that, in the end, it should be up to Member States and ports to balance 
the costs and the environmental benefits. 
Furthermore the Commission Recommendation also underlines what individual 
studies of ESPO members have pointed out; the actual environmental benefit 
(especially when taking into account the amount of GHG produced by the 
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alternative land based power supply) can be rather limited. Thus, decision making 
about the application needs to be done at local level. 
2.2.4 Added value of shore side electricity. 
Of course shore side electricity can play a role in reducing harmful ship emissions and 
many good examples already exist. ESPO believes that this is most suitable for 
frequent calling Ro/ro and/or ferries at dedicated terminals. Moreover, once a global 
standard will be available further introduction of shore side electricity might be 
speeded up. But ESPO just would like emphasize that a good comparison of all 
available techniques, their environmental effect and cost-effectiveness need to be 
made before a decision on the introduction of one (or a combination) is made. 
In conclusion, ESPO thus supports the introduction of shore side electricity once 
proper international technical standards are developed and when the final decision 
making on the application is being done at local level (ESPO, 2009). 
 
2.3     Association of American Ports Authority (AAPA) 
2.3.1  Implementation of MARPOL Annex VI 
 AAPA supports the U.S. implementation of MARPOL Annex VI, an international 
treaty that will set standards for diesel engines on international oceangoing vessels. 
Currently, the engines on these ships burn some of the highest sulfur-content fuel 
available, known as bunker fuel. Emissions from vessels can be significant 
contributors to National Ambient Air Quality Standards (NAAQS) non-attainment 
status, and international action is one appropriate response to addressing emissions 
from oceangoing cargo vessels 
(AAPA, 2009). 
 
2.4  Environment Regulation\Policy of CI ports. 
2.4.1  Port of Göteborg (Sweden) 
"We will be an environmentally strong link in the logistics chain." 
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This means that the Port of Göteborg will:  
• Use our resources efficiently; reduce noise and emissions to air, land and 
water, in order to promote long-term sustainable development.  
• Implement an efficient environmental management system according to ISO 
14001, in order to guide and improve our environmental efforts.  
• Inform every employee about environmental issues, and encourage them to 
actively consider the environment in their daily work.  
• Keep ourselves informed of, and in compliance with, relevant environmental 
legislation.  
• Prevent environmental accidents and be well prepared to limit the effects of an 
accident.  
• Consider environmental consequences seriously from a long term perspective 
when making decisions, and choose those solutions that are best for the 
environment whenever it is economically reasonable.  
• Encourage, assist, and make it easier for customers, suppliers, and other 
parties to work in accordance with our environmental policy. 
This Policy for the Port of Göteborg AB was set up in December 2002.      
(Port Got 2009).    
2.4.2  Port of Long Beach (United States of America).  
 
 Green Port Policy encompasses a wide range of environmentally beneficial 
programs. The Port is among other things pursuing projects to reduce emissions from 
vessels at berth through CI. Auxiliary generators on hotelling vessels produce about 
one-third of the air emissions from ocean-going vessels. The Port’s goal is for 100% 
cold-ironing at container terminals. Environmental measures have been included in 
new leases consistent with the Green Port Policy. In May 2006, the Port approved two 
leases with Stevedoring Services of America/Matson (SSA) and International 
Transportation Service/K-Line (ITS), which, over the term of their leases, requires 
100% of vessels to cold-iron or achieve 90% of emission reductions at berth 
(AAPA,2009). 
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2.5      Environmental Policy for ports intending to use Cold Ironing.s 
2.5.1  Port of Rotterdam (The Netherlands) 
 
Sustainability starts by tackling things at source. Many sources – shipping, transport 
and industry of poor air quality can be found in the port area or are the product of port 
activities. It is precisely the scale of all this that shows all parties involved – the Port 
Authority, the municipality, businesses – very clearly that something needs to be done. 
That is why an extra effort is being made in the port area in particular to improve air 
quality. Many of these activities are also found in the Rotterdam Air Quality 
Programme (November 2005) and the Regional Air Quality Action Programme 
(December 2006). 
The Port Authority, together with other sectors concerned, is therefore looking into 
the possibility of shore-based power. In the Maashaven project,  a two-year pilot with 
shore-based power for inland shipping is being started and, in anticipation of the 
results of the pilot, work is in progress for an Action Plan to extend the use of shore-
based power to public mooring sites for inland shipping. 
In addition, feasibility studies are being carried out for: 
• cruise ships; 
• container terminal; 
• a study for ferries will also be completed soon, in cooperation with two ferry 
companies (Port of Rotterdam, 2009). 
 
2.5.2 Port of Singapore (Singapore) 
A careful perusal of the environmental policy of the port does not give any indication 
of an express policy to have the CI facility any time soon even though there has been 
an expression of interest in the technology by the port at the 2008 C40 conference in 
Rotterdam.  The port currently enforces its regulations on NOx and SOx emissions as 
well as requirements within SOx emission control areas (MPA, 2009). 
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Chapter three. 
 
3.0 Ship and Port emissions 
There is evidence of growing pressure from ‘green’ campaigners, port cities, States 
and the international community at large on OGV’s and ports to reduce ship 
emissions. As a result, a considerable number of research work and studies carried out 
by key industry players, more importantly marine diesel engine manufacturing 
companies with the view to cut down pollutants emanating from the use of the 
engines they build to the barest minimum. 
In spite of the various interventions put in place by the IMO, ESPO, AAPA and other 
port authorities to reduce ship emissions in ports, another port-based emissions 
reduction technology that is fast gaining prominence is AMP or CI. In this technology, 
ships are required to completely shut down their auxiliary engines and connect to 
shore electric power.  
CI has been found to eliminate or reduce ship emissions considerably by 95-98% (as 
will be seen later in this chapter) and also reduces the known ship pollution 
contaminants at the same time. Whereas previous studies and research carried out by 
mainly diesel engine builders have focused largely on the singular reduction of either 
NOx or SOx and to a lesser extent on PM, VOC, CO2 and HC, whereas CI seeks to 
reduce all these contaminants at one go when ships are hotelling in port.  
 
3.1 Ship Emissions. 
The different types of ship emissions associated with OGV’s either in port or on the 
ocean was succinctly captured by the BAeSEMA report in 1999, p.2. These pollutants 
have been extensively quoted to explain vividly how they are generated first from the 
engine and subsequently released into the atmosphere. 
 
3.1.1 Sulphur Oxides (SOx) 
The formation of SOx in exhaust gases is caused by the oxidation of the sulphur in the 
fuel into SO2 and SO3 during the combustion process. The amount of SOx formed is a 
function of the sulphur content of the fuel used and therefore the only effective 
method of reducing SOx is by reducing this. Unfortunately, low-sulphur fuels are 
more expensive to purchase (10 to 20% greater cost, when switching from 0.2% to 
0.1% sulphur) and there is a practical lower sulphur limit desired as desulphurisation 
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of fuel lowers the lubricity of the fuel which can lead to increase wear and tear on fuel 
pumps and injectors. 
The regulations of SOx are predominately a regional issue, however, international 
pressure is growing for the oil producers to reduce the sulphur content of all fuels in 
order to control this problem at the source. The current EU Directive is that the 
sulphur content of fuels must remain below 0.2% with the aim of reducing this limit 
to 0.1% by the year 2010. Presently, most Navy ships use 1% low-sulphur fuels. 
Special Areas have been set up, such as the Baltic, North Sea and the English Channel 
where the use of extra low sulphur fuels is mandatory. If required, desulphurisation of 
diesel exhaust gases can be achieved by wet scrubbing. The flue gas is first passed 
through a quencher where it is cooled down to saturation temperature. The SOx is 
subsequently washed out with a neutralising agent (calcium bound in lime-milk or 
seawater) in a scrubber. SOx formed from diesel exhaust are corrosive and in part is 
neutralised by an engines lubricating oil which is typically base. In the atmosphere 
however, SOx combines with moisture to form H2SO4, which then falls as acid rain, 
and is linked to environmental damage. 
 
3.1.2 Carbon Dioxide (CO2). 
CO is one of the basic products of combustion and although diesels are one of the 2
most efficient engines for the combustion of fossil fuels, the only way to reduce CO2
is to either reduce the amount of fuel burned or by increasing thermal efficiency. 
Alternative low carbon to hydrogen ratio fuel could be used but this is unlikely to be a 
viable solution on board ships before 2010. 
Currently diesel engines meet the CO2 guidelines, however meeting stricter 
regulations on the permissible production of CO2 is theoretically possible, but 
practically achieving these standards would be difficult. CO2 is not toxic but is linked 
to the ‘greenhouse effect’ and global warming. 
 
3.1.3 Carbon Monoxide (CO). 
CO is formed due to the incomplete combustion of organic material where the 
oxidation process does not have enough time or reactant concentration to occur 
completely. 
In diesel engines, the formation of CO is determined by the air/fuel mixture in the 
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combustion chamber and as diesels have a consistently high air to fuel ratio, 
formation of this toxic gas is minimal. Nevertheless, insufficient combustion can 
occur if the fuel droplets in a diesel engine are too large or if insufficient turbulence or 
swirl is created in the combustion chamber. 
 
3.1.4 Hydrocarbons (HC) 
The emissions of unburned HC generally result from fuel, which is unburned as a 
result of insufficient temperature. This often occurs near the cylinder wall (wall 
quenching) where the temperature of the air/fuel mixture is significantly less than in 
the centre of the cylinder. Bulk quenching can also occur as a result of insufficient 
pressure or temperature within the cylinder itself. Still further, HC production may 
also be a result of poorly designed fuel injection systems, injector needle bounce, 
excessive nozzle cavity volumes or fuel jets reaching a quench layer. 
While HC emissions from diesel engines is generally within acceptable limits, further 
reduction would most likely only be possible using secondary oxidation catalysts. 
 
3.1.5 Smoke/Particulates 
The composition and properties of diesel particulates varies greatly and is therefore 
difficult to define. There is no quantitative relationship between the smoke opacity 
and the particulate emission. Particle emissions from diesel engines can originate 
from: 
a) agglomeration of very small particles of partly burned fuel; 
b) partly burned lube oil; 
c) ash content of fuel oil and cylinder lube oil; or 
d) sulphates and water. 
The most effective method to reduce particulate emissions is to use lighter distillate 
fuels and this leads to added expense. Additional particulate emissions reductions can 
be achieved by increasing the fuel injection pressure to ensure that optimum air-fuel 
mixing is achieved, however, as fuel injection pressure increases, the reliability of the 
equipment decreases. Much research has also been conducted on cyclone separators, 
which are effective for particle sizes greater than 0.5μm while electrostatic 
precipitators are more effective, capable of reduction emissions by up to 99%. 
Unfortunately, precipitators are expensive, prone to clog and are large in size. 
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3.1.6 Nitrogen Oxides (NOx) 
While SOx is predominately a regional issue, NOx is a global issue and the new 
MARPOL regulations have surely had a significant impact for ship owners and ship 
builders.  
NOx is formed during the combustion process within the burning fuel sprays and is 
deemed one of the most harmful to the environment and contributes to acidification, 
formation of ozone, nutrient enrichment and to smog formation, which has become a 
considerable problem in most major cities world-wide. 
The amount of NOx produced is a function of the maximum temperature in the 
cylinder, oxygen concentrations, and residence time. At cylinder temperatures, 
nitrogen from the intake air and fuel becomes active with the oxygen in the air 
forming oxides of nitrogen. Increasing the temperature of combustion increases the 
amount of NO  by as much as 3 fold for every 100 C increase. NO is formed first in 
the cylinder followed by the formation of NO
2
0
2 and N2O, typically at concentrations of 
5% and 1%; respectively. NOx is soluble and washed out by rain which increases the 
acidity level of the soil. The best way to reduce NO2 generation as noted by the report, 
is to reduce peak cylinder temperatures and there are a number of ways that this can 
be done, however all methods cause a certain loss in engine efficiency. 
 
3.2  Port emission solutions. 
 
Biodiesel fuel
Emulsified diesel 
Oxygenated diesel fuel
Ultra low sulphur fuel
Clean Fuels
Diesel oxidation Catalysts
Closed Crankcase Ventilation
Diesel Particulate Filter
Selective Catalytic Reduction 
Lean NOx  Catalytic 
Emission Control 
Technologies
Speed reduction (from 22 
knots to 12 knots)
AMECS (Advanced Maritime 
Emission Control System)
Solutions
Shore Power
Figure 3-1: Port emission solutions. 
Source: Altran, 2008, p.4. Tool Kit (Shore Power). 
 
 
16 
3.2.1  NOx  reduction technologies. 
NOx reduction technologies may be divided into either two or three categories namely 
primary or secondary methods when using the two category classification and pre-
treatment, internal measures and the after treatment for the three category 
classification.  
The pre-treatment methods are concentrated on the source of the NOx, that being the 
fuel. Internal measures or primary methods alter the engine configuration too, in some 
form or other and alter the combustion process. The after treatment or secondary 
method are fitted externally to the engine and are applied directly to the combustion 
gases. 
Pre-treatment methods generally fall within three categories; denitration of fuel, using 
alternate fuels and water addition to fuels. Primary methods involve changes to the 
combustion process within the engine and fall under five main categories; 
modification of combustion, modification of charging air, water injection, exhaust gas 
re-circulation and humid air motor. Secondary methods include; re-burning, selective 
catalytic reduction and plasma reduction systems. 
A study conducted by CALSTART (2002, p.31) noted that SCR uses ammonia or 
urea as a reducing agent of NOx over a catalyst composed of precious metal and base 
metals. SCR according to the study shows that the reduction in NOx is higher than 
other technologies used in NOx reductions.  
The reported NOx reductions can accordingly be as high as 98%, although the 
reduction at lower engine loads can be as low as 57%.   
In a separate study by Symlie et. al, (2003, p.15), they observed that SCR is the most 
effective method to reduce emissions from large stationary diesel engines with a more 
than 80% reduction efficiency. They further noted that for less costly control 
strategies, injection timing adjustment and lean NOx catalyst technology can be 
considered which generally provides more modest reductions of 10-30%. They 
indicated however, that the timing adjustment strategies will substantially increase 
PM emissions; as a result, the use of a diesel particulate filter (DPF) is desired. 
In a paper presented by Winkler (2002, p. 10), he enumerated the various NOx x  
control technologies as follows; SCR (90% reduction), water emulsification into 
marine fuel (20-50% reduction), modified fuel injection components (20% reduction), 
retarded timing (15% reduction) and exhaust gas re-circulation (20-50% reduction). 
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Spark-ignited engines that can be retrofitted with Low-Emission Combustion (LEC) 
technology can potentially achieve significant NOx reductions (80 to 90%). LEC 
technology can be expensive to retrofit on some engines, and it may not be available 
from all engine manufacturers. For large, low-speed engines, LEC technology is 
estimated to provide annual NOx reductions of about 80% at under $1,000/ton under 
most conditions. LEC technology is estimated to be more cost effective on smaller, 
medium-speed engines (under $500/ton for annual control under most conditions). It 
is estimated to be somewhat more expensive for dual-fuel engines (Staudt, 2002,  
p. 20). 
In its study, NESCAUM (2009, p.36) reported the similarity and the difference in the 
Selective Non-catalytic Reduction (SNCR) and SCR. It noted that they both use 
ammonia containing reagent to react with the NOx produced in the boiler to convert 
the NOx to harmless nitrogen and water.  SNCR accomplishes this at a higher  
temperatures (1700ºF-2000ºF) in the upper furnace region of the boiler, while SCR 
operates at lower temperatures (about 700ºF) and hence, needs a catalyst to produce 
the desired reaction between ammonia and NOx. As a result, SCR technology is 
capable of achieving much larger reductions in NOx emissions, higher than 90%, 
compared to the 30 to 60% reductions achievable by SNCR. Figure 3-2 and Figure  
3-3 depicts views of these two systems. 
 
Figure 3-2. SNCR system schematic [FuelTech] 
Source: NESCAUM Report, 2009, p.37. Applicability and Feasibility of NOx, SO2 and PM Emission 
Control Technologies for Industrial, Commercial, and Institutional (ICI) Boilers.  
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Figure 3-3.  3-D schematic of an SCR system [Alstom Power] 
Source: NESCAUM Report, 2009, p.38. Applicability and Feasibility of NOx, SO2 and PM Emission 
Control Technologies for Industrial, Commercial, and Institutional (ICI) Boilers.  
 
The report noted that whilst the difference between the SNCR and SCR may 
seem minor, it yields significant differences in performance and costs. In the case 
of SNCR, the reaction occurs in a somewhat uncontrolled fashion (e.g., the 
existing upper furnace becomes the reaction vessel, which is not what it was 
originally designed to be); while in the SCR case, a dedicated reactor and the 
reaction-promoting catalyst ensure a highly controlled, efficient reaction. In 
practice, this means that SNCR has lower capital costs (no need for a 
reactor/catalyst); higher operating costs (lower efficiency means that more 
reagent is needed to accomplish a given reduction in NOx); and finally, has lower 
NOx reduction capability (typically 30 to 50%, with some units achieving 
reductions in the 60% range). SCR, on the other hand, is capital intensive, but 
offers lower reagent costs and the opportunity for very high NOx reductions 
(90% or higher) the report noted. 
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Table 3-1. Summary of NOx Emission Reduction Technologies. 
Technology       NOx Reduction     Engine                Vessel                Technology 
                                                        Application         Application         Status 
                                                        
Engine                           20%-30%                     2 and 4 stroke          All ship types        some modifications  
Modification                                                                                                                     are standard in some 
                                                                                                                                          new engines, others 
                                                                                                                                          others expected in  
                                                                                                                                          5-10 years 
 
Selective                       85%-95%                      4 stroke medium      All ship types       Commercially 
Catalytic                                                              and high speed,                                     available 
Reduction                                                            some 2 stroke 
                                                                            especially if  
                                                                            new due to 
                                                                            space requirement 
 
Fuel Water                   0-30%                            2 and 4 stroke           All ship types      Demonstration/ 
Emulsion                                                                                                                          Custom order 
 
Direct Water                50%                               4 stroke medium       With engines       Commercially 
Injection                                                             speed                         manufactured      available 
                                                                                                             by Wärtsilä 
 
Humid Air                   70%                               4 stroke                     Demonstration    Limited demonstration 
Motor                                                                                                   on a ferry 
 
Combustion Air          30%-50%                       4 stroke                     Demonstration    Research and Dev’t 
Saturation system                                                                                on an auxiliary 
                                                                                                             Engine 
Exhaust Gas                35%                                4 stroke                     n/a                       Research and Dev’t 
Recirculation 
Source: IIASA, 2007, p.18, Lövblad & Fridell, 2006, p.26. 
 
3.2.2 SOx Reduction Technologies. 
One most important initial action that can be immediately taken to reduce shipping 
emissions is to lower substantially the sulphur levels in fuels. Because SO2 emissions 
are directly proportional to the sulphur content of the fuel combusted, reducing it will 
produce immediate reductions of SO2.  
 Exhaust gas scrubbing to remove SO2 is well established in land-based applications, 
and has been evaluated in a number of shipboard trials and applications. The 
technique relies on bringing the exhaust gases into contact with an alkaline aqueous 
spray to absorb the SO2. For shipboard applications, to date the scrubbing medium has 
been either seawater (which is naturally alkaline), or Sodium Hydroxide solution. SO2 
and SO3 in the ship’s exhaust gases are absorbed into the alkaline scrubbing medium, 
where they are neutralised to sulphates. Particulate matter in the exhaust is also 
washed out into the scrubbing medium. The used wash-water is cleaned onboard to 
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remove solids and oily material, and can then be discharged overboard provided it 
meets the IMO-specified wash-water discharge criteria. Alternatively, at least for 
short periods of operation, the wash-water can be stored onboard for later discharge 
ashore. The oily sludge separated from the wash-water is stored onboard for eventual 
disposal shore.  
Various demonstration projects have shown that scrubbers can remove 90% or more 
of SOx, with scrubber manufacturers claiming 99 - 100% removal in some 
cases. Particulate removal efficiencies of up to 80% are claimed (ISEE, 2009). 
 
 
Figure 3-4. Scrubbing Process Flow Chart 
Source: Karle & Turner, 2007, p.13. Seawater scrubbing-reduction of SOx emissions from ships 
exhausts. 
In a report authored by Karle & Turner (2007, p.13), four main methods were 
identified as being effective means of reducing the sulphur content in marine engines. 
These included flue gas desulphurization, sea water scrubbing, and uptake of [SO2] 
from exhaust gases and dilution of discharge water to acceptable PH. Winkler (2002b, 
p.16) enumerated the purchase of marine fuels compliant with near term sailing needs, 
switching to gas oil or MDO for SOx emission control area and installing exhaust gas 
salt water scrubbers as another most effective way of reducing SOx emissions. 
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 Table 3-2. Summary of SOx Emission Reduction Technologies. 
Technology       SOx Reduction     Engine                Vessel                Technology 
                                                        Application         Application        Status 
                                                        
1.5% S Heavy                44%                            2 and 4 stroke         All ship types           Commercially                
Fuel Oil                                                                                                                                 available 
 
0.5% S Heavy                81%                            2 and 4 stroke         All ship types           Commercial    
Fuel Oil                                                                                                                                 available 
 
Sea Water                       75%                            2 and 4 stroke         All ship types           Demonstration/ 
Scrubber                                                                                                                                custom order 
Source: Entec 2005c & Eyring et al. 2005b. 
 
3.2.3 PM Reduction Techniques. 
Diesel particulate matter in the view of Miller et. al (2009, p.3) is composed of a 
carbonaceous core comprised of carbon particles formed in the cylinder during 
combustion. These particles adhere to one another forming agglomerates that form the 
core of the diesel particulate matter; this fraction is called solids (SOL) [2, 9]. A large 
fraction of the particulate matter formed in the engine cylinder is oxidized during the 
combustion process; the remainder leaves the cylinder with the exhaust. Once 
exhausted to the atmosphere, the exhaust gas is cooled and diluted by ambient air 
which initiates the adsorption and condensation processes. At this point, some of the 
many products of incomplete combustion of the diesel fuel and engine lube-oil adsorb 
onto the carbonaceous material of the particulate. Figure 3-5, displays the particulate 
formation process. 
 
Figure 3-5. Particulate Formation Process 
Source: Miller et. al. (2009, p.3). Prevention of Air Pollution from Ships: Diesel Engine Particulate 
Emission Reduction via Lube-Oil-Consumption Control. 
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The effectiveness of installing a catalyzed particulate filter on the reduction of 
pollutant emissions was examined by Cherng-Yuan (2001). The experimental results 
revealed that the exhaust gas temperature, carbon monoxide and smoke opacity were 
reduced significantly upon installation of the particulate filter. In particular, larger 
conversion of carbon monoxide to carbon dioxide — and thus larger CO2 and lower 
CO emissions — was observed for the marine diesel engine equipped with a catalyzed 
particulate filter and operated at higher engine speeds. This he observed was 
presumably due to enhancement of the catalytic oxidation reaction that results from an 
exhaust gas with stronger stirring motion passing through the filter. The absorption of 
partial heating energy from the exhaust gas by the physical structure of the particulate 
filter resulted in a reduction in the exhaust gas temperature. The particulate matter 
could be burnt to a greater extent due to the effect of the catalyst coated on the surface 
of the particulate filter. Moreover, the fuel consumption rate was increased slightly 
while the excess oxygen emission was somewhat decreased with the particulate filter. 
Table 3-3. Emission reductions from alternative techniques to C.I. 
 
Reported Emission Reduction (%) 
Technology Evaluated 
PM 10  NO SO CO VOC x 2
Repowering with NG/Dual Fuel Engine ~94 ~90 ~99   
Diesel PM Trap & CA On-road no. 2 Diesel ~90 ~3 ~90 ~85 ~92 
California On-road no. 2 Diesel 13-87 ~6 ~90   
Fischer-Tropsch Diesel 13-87 ~5 ~99 ~39 ~23 
Diesel Oxidation Catalyst & CA On-road no. 2 Diesel ~87 ~6 ~90 ~90 ~90 
MGO Diesel 0-85  0-90   
Emulsified Diesel Fuel ~63 ~14 15-20  ~25 
Bio-Diesel (B100) 13-87 Increase 100 ~50 ~93 
Selective Catalytic Reduction  ~95    
Direct Water Injection  40-50    
Humid Air Motor  ~28    
Repowering with EPA Tier 2 Engine  18-46    
Injection Timing Delay Increase 10-30  Increase Increase 
Exhaust Gas Recirculation Increase 20-30  Increase Increase 
Cryogenic Refrigerated Container 100%, except for air emissions from making dry ice 
Source: ENVIRON (2004, p.111). Cold Ironing effectiveness Study. Volume 1 Report. 
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Table 3-4. Cost of alternative emission methods 
Technology Reduction potential Costs 
Slide Valves 20% NO 10-60 euros/tonne NOx x
Internal engine measures 30% NO 20-100 euros/tonne NOx x
Direct Water Injection 50-60% NO 350-410 euros/tonne NOx x
Humid Air Motor 70-80 NO 200-310 euros/tonne NOx x
 90-99% NO  x
Selective Catalytic 
Reduction 
80-90% CO and HC 310-810 euros/tonne SO2
Some PM 
Switch to low-sulphur 
fuel 
40% SO  2
28% PM 1230-2050 euros/tonne SO2
(2.7 - > 1.5 % S) 
Switch to low-sulphur 
fuel 
80% SO  2
20% PM 1440-1690 euros/tonne SO2
(2.7 - > 0.5 % S) 
 
 95% SO  2
Sea Water Scrubbing 80% PM 320-580 euros/tonne SO2
Source: Wahlström et. al (2006, p.49). Ship emissions and technical emission reduction potential in the 
Northern Baltic Sea. 
 
3.3 History of CI. 
More recently, shore-side electricity has been used specifically to reduce air emissions. 
There are a number of examples of shore-side electricity in use around the world 
(POLB 2004, p.27). 
• In 1991, the Pohang Iron and Steel Company (POSCO) in Pittsburg, California, 
established a shore-side electricity system as required by a local air permit. Four 
dry bulk vessels travelling between South Korea and the San Francisco Bay area 
were converted to use shore-side electricity. 
• In 2002, five Princess cruise vessels were converted to use shore-side electricity in 
Juneau, Alaska (POLB 2004). These vessels require 7 MW of auxiliary power. In 
2004, a sixth Princess Cruise vessel was built with shore-side electricity facilities, 
with an expected electricity power demand of 8-9 MW. 
• In 1989, the Port of Göteborg converted a terminal to service ferries with shoreside 
electricity. In 2003 an additional terminal was converted to use shore-side 
electricity, this time servicing roll-on-roll-off (ro/ro) vessels. 
• The Port of Los Angeles has converted the China Shipping Terminal to use 
shoreside electricity. At the current time, the Port of Los Angeles and potential 
shippers are only considering shore-side electricity for new build vessels. 
• The Port of Lubeck in Germany is currently seeking to establish technical 
requirements for shore-side electricity in Baltic ports. The Port of Lubeck is also 
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planning to implement shore-side electricity for ferries and passenger terminals. 
The main impetus for this change is the SO  air quality exceedences experienced in 2
winter. The Port plans to supply electricity from wind power generation. The City 
of Lubeck is also working on a more extensive shore-side electricity plan, called 
Plan Baltic 21, with all Baltic port cities. 
 
3.3.1 The idea presented by Stora Enso. 
The idea of CI was proposed by Stora Enso, a global pulp and paper company which 
wanted to be environmentally friendly. The idea was met with interest in Göteborg 
and a special cooperation was established between two shipping companies Colbelfret 
and Wagenborg Shipping and the electrical equipment supplier ABB. Some funds 
were obtained from the Swedish government. In January 2001, the first ro/ro vessel 
successfully used the new high-voltage connection. Expectations came true as this 
allowed forestalled harmful ship emissions, noise and vibrations during a port call.  
It was the first electrical connection for ro/ro vessels in the world; even though low-
voltage connections already existed for ferries (Rogalska, 2008, p. 38). 
 
3.4 Shore Power Benefits. 
Shore-side electricity connections can effectively reduce pollutant emissions and 
noise from ships in port, thus providing environmental and health benefits. As a result 
crew on board is exposed to less noise and emissions on deck, the engine room 
environment is quiet at all port calls, and stevedores are exposed to fewer emissions 
from the ship. The total noise generated from the ship is normally significantly lower 
with the ship’s auxiliaries shut down, although this depends on the characteristics of 
each specific vessel (Jiven, 2004, p. 15). 
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Figure 3-6. Shore power benefits. 
Source: Adapted from Altran 2008, p. 5. Tool Kit (Shore Power). 
The use of on shore power has helped in the reduction of dangerous pollutants that 
affect surrounding communities by powering massive container and other ships with 
on shore electricity. By eliminating the use of auxiliary engines while ships are 
docked, it has shown an average reduction of 95% in NO , SOx x and PM per ship call. 
The health impact of these pollutants near large ports has been a major concern, as 
these pollutants can cause pre-mature deaths, respiratory problems, cardiovascular 
issues, asthma and other respiratory symptoms (Temco, 2007). 
In a report, Gallagher (2007) observed that a significant reduction of pollutants in the 
air could be made with the advent of CI.  NOx levels were cut by 94.7%, CO was cut 
by 56.9%, PM was cut 99.9%, CO  was cut by 42.7% and SO2 x was eliminated entirely, 
and total emissions were cut by 43,876 pounds. CO2 and SOx are the most significant 
pollutants the report noted. In a speech by Kristian D. Jacobs which was succinctly 
reported by Leach (2009), he intimated that shutting down engines and using shore 
power on the Oasis-Class ships, which are the two largest cruise ships in the world, 
each ship experiences an annual reductions of 40.9% less CO2  emissions, 97.7% less 
NO  emissions, 95.2% less SOx x emissions and 88% less PM. 
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3.5     SWOT-Shore power. 
The use of shore power like all other technologies has its own strengths, weaknesses, 
opportunity and threats. These factors have been a subject of discussion dominating 
the various arguments on its adoption or otherwise as a cost-effective means of 
reducing ship board emissions in port (figure 3-7). 
 
 
Figure 3-7 SWOT Shore power 
Source: Altran, 2008, p.34. Tool Kit (Shore Power). 
  3.6 Technical details. 
There are currently no existing standards for shore-side electricity, but a schematic 
diagram outlining the typical technical requirements and elements can be seen in 
figure 3-8 
A brief summary of the elements that would be required in a shore-side electricity 
system include as observed by the Entec Report (2005, p. 5): 
1. A connection to the national grid is needed carrying 20-100 kV electricity from a 
local substation where it is transformed to 6-20 kV. 
2. Cables are then required to deliver the 6-20 kV power from the sub-station to the 
port terminal. 
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3. The electricity may then require power conversion. Electricity supply in Europe 
generally has a frequency of 50 Hz. A ship designed for 60 Hz electricity may be able 
to use 50 Hz electricity for some equipment, such as domestic lighting and heating. 
However it could not use 50 Hz for the operation of motor driven equipment such as 
pumps, winches and cranes. Therefore, a ship using 60 Hz electricity will require 50 
Hz electricity to be converted to 60 Hz by an electricity converter. 
4. Electricity is then distributed to the terminal. Cables need to be installed 
underground within existing conduits or this may require new canalisation.  
Electricity is metered.  
5. To avoid handling of high voltage cables, a cable reel system is suggested. A cable 
reel tower could be built on the berth supporting a cable reel, davit and frame. The 
davit and frame would be used to raise and lower the cables to the vessel. The cable 
reel and frame would be electro-mechanically powered and controlled. 
6. Onboard the vessel a socket is needed for the connecting cable. 
7. The ship then needs to transform the high voltage electricity to 400 V to be used 
onboard, by a transformer. 
8. The electricity is then distributed around the ship, and the auxiliary engines are 
switched off. 
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3.6.1 Shore side electricity connection 
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3.7  Rules of CI. 
The Lloyds Register’s (LR) on-shore power supplies (OPS) notation for cold ironing 
specifically addresses potential hazards with regards to safety, availability and 
reliability of shipboard installations and connection equipment. The technical 
challenges identified by LR with regards to OPS arrangement as cited by Tinsley 
(2007, p.29) include the following: 
• Providing a shore supply of sufficient capacity with connection points at berth 
• Providing and integrating suitable shore connection equipment within the 
design of the ship 
• Potential incompatibility where different electrical system frequency or 
voltage are used ashore and aboard 
• Ensuring that the ship’s generators synchronise with ‘stiff’ shore supplies and 
adjust while loaded to achieve a seamless load transfer  
• Potential incompatibility as regards prospective short-circuit fault level rating 
and capability arising from mismatched ship and shore electrical installations 
• Compatibility of ship and shore connection equipment, and handling that 
equipment 
• Arranging protection and safety system measures, and implementing new safe 
working procedures 
Tinsley further noted that, in setting up these rules, the classification societies did 
not take the environmental benefits of CI into account, rather the spotlight was 
placed on the connection of shore power during the ship’s stay in port which it 
noted should, as far as practicable, be as safe and effective as the conventional 
practice of relying on shipboard gensets.  
 
3.8. High Voltage Requirements. 
Running all the functions on a cargo vessel with electrical power requires a high 
output. During an average stopover in a harbour, a ro/ro vessel connected to the 
electricity supply uses some thing around 5,000-20,000 kWh, which corresponds to 
roughly what one-fourth averaged sized detached houses use over a three-month 
period. Ships have previously used shore-side electricity supplies with low voltage, 
but to run all of the units aboard several heavy cables have been required. In practice 
this involves a complex and time consuming process, as well as equipment which take 
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up a great deal of space both in the port and aboard the ship. Offering ships a high 
voltage with approximately 25 times the output of the standard 400V cable of the 
same dimension makes this operational stage both quick and simple (Port Got, 2009). 
 
3.9 Emission Factors 
3.9.1 Emission factors of Auxiliary Engine. 
The amended Directive 1999/32/EC as regards sulphur content of marine fuel will 
compel ships at berth to use 0.1% by mass sulphur marine fuels by 2010. As a result, 
emissions from the current use of 2.7% sulphur fuel and the use of 0.1% sulphur fuels 
were both considered relevant by the Entec Report (2005) baselines for analyzing the 
benefits of converting ships to using shore-side power. Using shore-side electricity 
will exempt ships from having to meet the 0.1% sulphur fuel requirements under the 
Directive.   
Table 3-5.  Emission factors of Auxiliary Engine (AE) at berth, g/kWh of electricity 
                                                                   NO           SOx 2          VOC          PM 
Emission factors from Aux. Engines                      12.47             12.30               0.40             0.80 
Using 2.7% sulphur fuel (current average) 
Emission factors from Aux. Engines                       11.8                 0.46               0.40             0.30 
using 0.1% sulphur fuel(EU 2010 limit) 
Source: Entec, 2005a, p.13. Service Contract on Ship Emissions: Assignment, Abatement and Market-
based Instruments. 
 
Table 3-6.  Average emission factors for EU 25 electricity production (g/kWh) 
                                                                   NO           SOx 2          VOC          PM 
Emission Factors                                                     0.35                0.46                 0.02             0.03     
Source: Entec, 2005a, p.14. Service Contract on Ship Emissions: Assignment, Abatement and Market-
based Instruments. 
 
3.9.2 Comparison of Emission Factors 
The emission factors from auxiliary engines (table 3-5) were compared to those of 
shore-side electricity (table 3-6) per kWh. Table 3-7 gives an outline of how 
significantly emissions could be reduced per kWh when shore-side electricity replaces 
on board generation.   
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Table 3-7. Emission reduction when using shore-side electricity instead of AE electricity 
                                                                        NO           SOx 2          VOC          PM 
Compared  2.7% sulphur fuel(current average)             12.12             11.84             0.38               0.77 
Compared to  0.1% sulphur fuel (EU 2010 limit)          11.41               0.0              0.38                0.27 
Source: Entec, 2005a, p.14. Service Contract on Ship Emissions: Assignment, Abatement and Market-
based Instruments. 
3.9.3 Emission Reduction per Berth 
Table 3-8.  Emission reduced per berth (ton/year/berth) compared to engines using 2.7% sulphur 
(Current average) 
                                                                                   Small           Medium            Large 
                                                                                   (t/year)        (t/year)             (t/year) 
NO               Baseline emissions                               16.2              44.9                  115.7 x
                       Emissions reduced                                15.72           43.63                112.41     
                       Reduction efficiency                             97%             97%                  97% 
SO               Baseline emissions                                15.96            44.29               114.10 2
                      Emissions reduced                                 15.36            42.63               109.83 
                      Reduction efficiency                              96%             96%                  96%  
VOC              Baseline emissions                                 0.52             1.44                  3.71 
                      Emissions reduced                                  0.49             1.36                  3.49 
                      Reduction efficiency                               94%              94%                 94% 
PM                Baseline emissions                                  1.04            2.88                  7.42 
                      Emissions reduced                                  1.00            2.76                  7.12 
                      Reduction efficiency                                 96%           96%                96% 
Source: Entec, 2005a, p.15. Service Contract on Ship Emissions: Assignment, Abatement and Market-
based Instruments 
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Table 3-9. Emission reduced per berth (t/year/berth) compared to engines using 0.1% sulphur 
(2010 EU limit) 
                                                                                   Small             Medium              Large 
                                                                                  (t/year)            (t/year)              (t/year) 
NO               Baseline emissions                               15.3                 42.4                  109.1 x
                       Emissions reduced                                14.81               41.09                105.86     
                       Reduction efficiency                             97%                97%                   97% 
SO                Baseline emissions                               0.62                1.72                    4.44 2
                       Emissions reduced                                0.0                  0.0                        0.0 
                       Reduction efficiency                             0%                  0%                       0%  
VOC              Baseline emissions                                0.52                1.44                     3.71 
                      Emissions reduced                                 0.49                1.36                   3.49 
                      Reduction efficiency                              94%               94%                   94% 
PM                Baseline emissions                                0.39                 1.08                   2.78 
                      Emissions reduced                                0.35                 0.96                   2.48 
                      Reduction efficiency                             89%                89%                   89%  
Source: Entec, 2005a, p.15. Service Contract on Ship Emissions: Assignment, Abatement and Market-
based Instruments. 
Analysis of tables 3-8 and 3-9 gives an indication of the extent of emission reduction 
in ship’s engines using 2.7% and 0.1% low sulphur fuels in port beginning 2010 as 
per the EC Directive. This will lead to a reduction in baseline emissions for small, 
medium and large engines in tons/year for NO , SOx 2, VOC and PM. It will also 
culminate in a reduction in emissions at berth and some changes in the reduction 
efficiencies of some of the pollutants (table 3-10). The reduction in the sulphur 
content of fuels has no bearing on VOC pollutants, hence cannot be seen to be a good 
strategy to reduce VOC pollutants in berth.  
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Table 3-10.  Difference in emission reduced per berth (t/yr/berth) between 2.7% and 0.1% sulphur 
(beginning 2010). 
                                                                                   Small           Medium            Large 
                                                                                   (t/year)        (t/year)             (t/year) 
NO               Baseline emissions                                0.9               2.5                     6.6 x
                       Emissions reduced                                0.91             2.54                    6.55     
                       Reduction efficiency                                -                  -                           - 
SO               Baseline emissions                                15.34            45.57               109.66 2
                      Emissions reduced                                 15.36            42.63               109.83 
                      Reduction efficiency                              1%                 1%                    1%  
VOC              Baseline emissions                                   -                   -                         - 
                      Emissions reduced                                    -                   -                         - 
                      Reduction efficiency                                 -                   -                         - 
PM                Baseline emissions                                  0.65            1.84                  4.64 
                      Emissions reduced                                  0.65             1.8                    4.64 
                      Reduction efficiency                               5%               5%                   5% 
 
3.10 C.I Challenges. 
The challenges facing the smooth implementation of CI was underscored by AAPA in 
its white paper, p.21 on the use of shore-side power for OGV’s in 2007. It noted 
among other things the following which I have extensively quoted from the white 
paper. 
 
3.10.1 Legal challenges 
IMO is the primary regulatory agency tasked with developing regulations for the 
control of pollution from international shipping activities. IMO regulations, once 
approved are implemented and enforced by the member states. For international 
shipping businesses, where the vessel is registered and whose flag the vessel flies, the 
flag state government is responsible for oversight and enforcement of safety, security 
and environmental compliance. In many instances, flag state governments rely on 
independent organizations such as classification societies for technical expertise and 
guidance on these responsibilities. These organizations will operate on behalf of a flag 
state to exercise regulatory authority. 
In the U.S., the EPA has the authority to set marine engine emissions standards but 
they are only applicable to vessels registered under the U.S. flag. Moreover, the 
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majority of vessel calls at U.S. ports are foreign flagged hence the U.S. EPA has no 
judicial authority over the majority (approximately 65%) of international merchant 
vessels which are foreign flagged. This could pose a serious legal challenge in 
enforcing the shore-power requirements even if U.S. EPA and state governments are 
to adopt such regulations. 
 
3.10.2  Engineering Challenges 
Shore-Side Infrastructure Requirements 
A shore-power system requires industrial substations and power transmission lines to 
bring power from a local grid to the port. At the terminal, the berth requires installing 
electrical cables and conduits, wharf-side electrical vault and connectors for ship 
connection. For a new terminal to be designed with shore-power capabilities it is 
likely to be less cost-intensive and the engineering can be included in the 
terminal design and hence be an integral part of the design. However, for an existing 
terminal, it does pose significant financial and engineering challenges, as major 
improvements or modifications of the existing terminal and its operation require 
disruption prevention schemes. 
1. Electrical Requirements 
A major challenge to the ship shore-power program is the lack of standardized voltage 
and frequency. Different voltages (e.g., 440 V, 6.6 kV or 11 kV) are used on different 
ships and different frequencies (e.g., 50 Hz vs. 60 Hz) are used at different ports 
around the world. Electrical demands (1 MWe to 8 MWe) are different for different 
types of ship. Also, there is no standardized shore-power connection as of yet. 
However, international standards for connectors have been proposed - the typical 
connector utilized at the Ports of Los Angeles and Long Beach will be used as a 
standard shore connector; and, the connectors used on Princess Cruise vessels will 
also be used as a standard but the cable will be larger due to their electrical load 
requirements. 
2. Cable Management System 
Space is a limiting factor on any ocean-going vessel. Although it is not as critical for a 
new-build with shore-power capability to allocate space for an on-board cable 
management system in their original design, it does pose a serious challenge for an 
existing vessel with limited available space to house the cable management system. 
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3.10.3  Capital Investment Cost Challenges 
Each port has its own unique history, layout, and business climate, types of ship calls, 
operations, local air quality concerns and surrounding communities. Therefore, costs 
involved in constructing shore-power ready terminals will vary significantly. The 
major concern centers on the enormous costs involved in the shore-side power 
infrastructure. The cost to bring electricity from a local grid to the terminal will 
be in the range of $1 million to $3 million dollars depending on port location, type of 
ships, power demand and electricity (i.e., voltage and frequency). If multiple facilities 
are to be equipped with shore-power capability, the overall construction cost may 
come down, but the equipment cost will be higher. 
In addition to capital costs for shore-side improvement, the equipment necessary to 
connect shore-power and protect on-board equipment must be installed in the ship. 
Costs for ship-side modification can range from $300,000 to $2 million depending on 
the application. In some cases, direct connection between shore-power and ship is not 
feasible and an intermediate facility such as a barge is used to bring the cable to the 
ship. All these are considered potential additional costs to ship owners and port 
authorities. However, if the ship is a frequent caller to a certain port equipped with 
shore-power, it will be considered more cost-effective. Furthermore, both the 
International Standard Organization (ISO) and International Electro technical 
Commission (IEC) are working on a standardization program. Once international 
standards are developed and adopted on a global scale, the shore-power equipped 
vessels can take full advantage of the program to use shore-power at various ports of 
call and consequently, lowering the overall costs. 
 
3.10.4 Operational Challenges – Cost-Effectiveness 
In the CARB’s 2006 “Evaluation of Cold-Ironing Ocean-Going Vessels at California 
Ports”, six categories of ships were studied for associated costs of using shore-power 
including: container, passenger, reefer, tankers, bulk and cargo, and vehicle carrier 
ships. Cost-effectiveness analysis included the following:  
• Ship categories: different ship categories have different power (i.e., low and high 
voltage) requirements 
• Capital costs: ship retrofits and shore-side infrastructure 
• Operating costs: energy costs, labor costs and routine maintenance costs. 
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3The cost of shore power as noted by the CARB  report, 2005 is also estimated to 
range from thousands of dollars to tens of thousands of dollars per ton of pollutant 
reduced making it one of the most cost-effective control options. Figure 3-15 shows 
the different ship emission reduction strategies together with their respective capital 
cost ($/kW) and their operational cost ($/MWh). 
 
Figure 3-9. Incremental Capital and Operating Costs for Different Control Technologies. 
 Source: Friedrich et al. (2007, p.71). Air pollution and Green Gas Emission from Ocean-going ships.  
  
Friedrich et al. (2007, p.75) noted that, several measures have been implemented to 
date to address  emissions from shipping sources. These measures are by no means 
exhaustive, but are rather meant to show the voluntary and mandatory approaches that 
have been explored beyond the IMO regulations. Most of these measures, they 
observed have been implemented on local basis, such as the vessel speed reduction in 
Los Angeles and Long Beach ports, the Swedish Environment Fairway dues and the 
use of shore power which are particularly spreading to new ports based on lessons 
learned when implemented in ports likes Goteborg in Sweden and Long Beach in the 
U.S.A. 
 
 
                                                 
3 Proposed Regulation for Auxiliary Diesel Engines and Diesel electric Engines operated on Ocean-
going Vessels with California Waters and 24 Nautical Miles off the California Baseline. Sacramento, CA. 
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3.11 Summary of implemented mitigation options for marine vessels 
The different methods used in the reduction of ship board pollution contaminants of 
NO , SOx x and PM in ports and on the oceans, these mitigations strategies have 
varying percentage reduction efficiencies (table 3-11). 
 
Table 3-11. Implemented mitigation options for marine vessels. 
Measure Type   Measure                Description                         Examples 
Emission Control     Lower sulphur fuel       -Marine residual  or bunker        -EU (IMO) Sulphur Emission 
Technologies                                                   with sulphur content at 1.5%      Control Area: Baltic Sea (2006,) 
                                                                        or below (44% SO  reduction,   English Channel and North Sea  x
                                                                        18% PM reduction)                    (2007) 
                                                                        
                                                                       -Marine distillate and gas oil      -San Pedro Harbour Maersk  
                                                                        With sulphur content at 0.1%     voluntary agreement (2006) 
                                                                        or below (>90% SO                  -California auxiliary engine  x
                                                                        reduction, >80% PM reduction    rule (2007) 
 
                                 Selective Catalytic        -Exhaust after-treatment                -Units in service starting in 
                                Reduction (SCR)             technology providing over              early 1990’s in applications 
                                                                       90% reduction in NO  PM             ranging from ferry, cruise ship  x
                                                                       CO and HC reduction can be         to roll-on/roll-off vessels 
                                                                       obtained when SCR is combined 
                                                                       with a PM filter and an oxidation 
                                                                       catalyst  
 
Operational             Vessel speed                 -Speed within harbour is reduced    -Voluntary programme in the   
Changes                  reduction                        to reduce engine and NO               Los Angeles/Long Beach  x
                                                                       production (4% -8% reduction)       harbour since 2001 
 
                               Shore Power                  -Land based power for docked          -Facilities operating in the  
                                                                       ships (100% reduction in at-port      Baltic and North Seas,  
                                                                       emissions )                                         Juneau (Alaska), Port of  
                                                                                                                                 Los Angeles 
  
Market-based        Environmentally            -Fee reductions based on vessel         -Voluntary Environmentally 
measures               differentiated fees           environmental performance.               Differentiated Fairway Dues 
                                                                      Emissions benefits depend on              programme in Sweden 1998  
                                                                      level on participation and  
                                                                      Implemented technologies.  
                                                                        
Source: Friedrich et al. (2007, p.75). Air pollution and Green Gas Emission from Ocean-going ships.  
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Chapter Four 
4.0 Research methodology and Assumptions. 
4.1 Research methodology. 
The four (4) major bunkering locations in the world, namely Singapore, Rotterdam, 
Houston and Fujairah were selected with the view to compare the differences in prices 
of MDO and MGO fuels. In the same vain, the electricity tariffs per kilo watt hour for 
these bunkering locations were also considered to determine how much it would cost  
a ship per day if it is to use its auxiliary engine in generating on board electricity 
fuelled by MDO, MGO as well as connecting to shore power in these locations 
(countries).  
The  cost of 0.1 % sulphur content fuels used in the analysis was $511 for Rotterdam, 
but an amount of $30 was added to the MGO prices (Bunkerbite on 7th July, 2009) in 
Singapore, Houston and Fujairah (which is the difference between 0.1% sulphur fuel 
and 0.2% fuels in Europe). 
The ship power requirements (kW), the rate at which fuel is consumed in gram/kW 
and the quantity (MT) fuel consumed per day was calculated based on an 
extrapolation on figures from studies carried out by Sisson & McBride (2008, p.2) 
which suggested that a vessel with an auxiliary power requirement of 1600kW will 
burn fuel at the rate of 200 g/kW-hr and for a 24-hr stay in berth it will burn 7,700 kg 
(7.7 M/T) of fuel.  
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Table 4-1. Ship power requirement and quantity of fuel consumed. 
Power Requirement (kW) Gram /kW-hr Qty of fuel consumed/day (MT) 
400 50 1.9 
500 62.5 2.4 
600 75 2.9 
700 87.5 3.4 
800 100 3.9 
900 112.5 4.3 
1000 125 4.8 
1100 137.5 5.3 
1200 150 5.8 
1300 162.5 6.3 
1400 175 6.7 
1500 187.5 7.2 
1600 200 7.7 
1700 212.5 8.2 
1800 225 8.7 
1900 237.5 9.1 
2000 250 9.6 
 
The  MDO and MGO cost/MT per day for ships with different power requirements 
(kW) were calculated for each of the different category of ships in the ports of  
Singapore, Rotterdam, Houston and Fujairah, based on their respective MDO and 
MGO prices as at 7th July, 2009 (Source: Bunkerbite). 
The cost of electricity per day was equally determined based on the ship power 
requirements for ships in the ports of the bunkering locations, taking into account 
their respective tariffs/kW-hr. 
The cost of using both MDO and MGO to generate electricity on board ships with 
different power requirements were compared with the cost of connecting to shore 
power to ascertain the most cost effective mode of generating electricity to maintain 
essential services on board in each of the bunkering location ports. 
 
Statistics of selected ships based on Vessel Type, Vessel Name, Gross Registered 
Tonnage, Number of Generator engines, Installed Generator Capacity (kW), Average 
Load (kW) and Load Factor (% of capacity) were used (table 4-2) and the assessment 
was based on the assumption that these vessels are regular callers to the ports of the 
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major bunkering locations. A determination was therefore, made on how much it will 
cost the operators of these ships using either MDO or MGO fuels as against the use of 
shore power. 
 
Table 4-2.  Estimated Average On-board Power Requirements for the Selected Vessels 
 
Number 
of 
Generator 
Engines 
Load 
Factor 
Installed 
Gross Average 
Load 
(kW) 
Generator
Vessel Type Vessel Name Registered 
(% of 
capacity) 
Capacity 
Tonnage 
(kW) 
 
Victoria Bridge 47,541 4 5,440 600 11% 
Hanjin Paris 65,453 4 7,600 4,800 63% 
Lihue 26,746 2 2,700 1,700 63% 
Container 
vessels 
OOCL 
California 
66,046 4 8,400 950 62% 
Reefers Chiquita Joy 8,665 5 5,620 3,500 62% 
Cruise 
Liners 
Ecstasy 70,367 2 10,560 7,000 66% 
Alaskan Frontier 185,000 4 25,200 3,780 15% 
Chevron 
22,761 2 2,600 2,300 89% 
Washington Tankers 
Groton 23,914 2 1,300 300 23% 
Dry Bulk Ansac Harmony 28,527 2 1,250 625 50% 
Auto Carrier Pyxis 43,425 3 2,160 1,510 70% 
Break Bulk Thorseggen 15,136 3 2,100 600 29% 
Source: ENVIRON (2004, p. 40). Cold Ironing effectiveness Study. Volume 1 Report. 
 
An analysis of the cost component for ports was done with the view to ascertain the 
different elements that make up the total cost of installing the CI facility. The cost 
components analysed included among other things, the cost estimates for canalisation 
(cutting asphalt or concrete, trenching, backfilling and repairing pavement), cost of 
high voltage cables per metre, cost of supplying high voltage electricity (electric 
metres, new terminal substations, underground conduit runs, cable towers and wharf 
vaults), electricity converter cost, cost of cable (10kV) to ship, cost of work-barges 
and cost of fixed cable reel system for each berth and a number of berths. 
Figures derived from studies done by Jiven in 2004 (which were converted from Euro 
to Dollar at the present exchange rates) and ENVIRON in 2004 at the ports of 
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Göteborg and Long Beach respectively, were used in determining the total cost for 
low and high cost ports. Figures from the Entec report, 2005(2a) were also considered 
in the analysis and in computing the final figures. 
 
For the purposes of this dissertation, the ports of Rotterdam, Tema and Copenhagen-
Malmo (CMP) were selected to represent transhipment, export and import and import 
ports respectively. These ports were assumed to have invested a substantial portion of 
their internally generated funds (IGF) in the year 2008 on the installation of the CI 
facility at a discount rate of 5% (average LIBOR interest rate for the year 2007- 
source WSJ, 2009). Based on this information, the Discounted Cash Flow (DCF), Net 
Present Value (NPV) and the Internal Rate of Return (IRR) for these ports were 
determined using data of their respective 2008 ship calls. 
The estimated cost for the installation ($40,000,000) and the annual operating cost 
($4,726,750) of the CI facility in the port of Rotterdam4  were used as bench marks in 
calculating the DCF, NPV and IRR for the ports of Rotterdam, Tema and CMP.  
The annual ship calls for each of these ports were assumed to be increasing at 10% 
each year culminating in a corresponding 10% increase in service time (hours)  for the 
entire period of 30 years (which is believed to be the life span of the CI facility, once 
fully installed). 
The analysis considered four different scenarios to ascertain the economic viability of 
the CI facility in the three ports. In the first scenario the port is assumed to have fully 
borne the initial investment, in the second scenario an assumption of 25% subsidy of 
the total cost was borne by the City with the ports bearing 43  of the total cost, the 
third and fourth scenario assumed 50% and 75% subsidy from the City with the ports 
bearing  and 21 41  of the total cost respectively. Based on these assumptions, the NPV, 
DCF and the IRR were calculated using the projected revenues accruing from service 
fees that will be collected from ships using the facility over the 30 year period.  
 
 
 
                                                 
4 Port of Rotterdam Authority, 2006, “Alternative Maritime Power in the Port of Rotterdam – A feasibility 
Study into the Use of Shore-side Electricity for Containerships Moored at the Euromax Terminal in 
Rotterdam”. 
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The formula used for these calculations were as follows (Cariou, 2009, p.17): 
i
i
r
A
)1( +∑=
n
i 1
NPV               = - C  
Where 
n Project life 
A i  Net cash flows at the end of year i 
r Discount rate 
C Initial capital expenditure 
 
IRR was calculated using Excel spread sheet. 
 
The Return on Investment (ROI) for the three selected ports was calculated using the 
formula below: 
editalEmployInitialCap
EBITROI = * 100  
Where EBIT is profit after depreciation. 
 
4.2 Assumptions  
For the purposes of this dissertation, the following reasonable assumptions were made 
in analysing the data collected and estimations made: 
• All new power supply facilities would be constructed in an existing terminal, 
thereby incurring a major capital cost.  
• Electricity generated from the chosen countries is believed to be from 
environmentally friendly sources. 
• There is standardisation of the connectors and interconnecting power cables as 
well as system voltages and frequencies. 
• There is safe paralleling of the ship’s main generators to the shore power to 
avoid disruptions of power when connecting and disconnecting shore power. 
• The port has enough high voltage electricity to supply to all ships requiring it. 
• All ships calling at the port in a year have either been retrofitted or have the 
necessary AMP facilities on board and are ready to connect to shore power. 
43 
• Ship operators shall pay a service fee of $0.008 per kilo watt hour for the use 
of the facility and not the cost of kilowatts of electricity consumed. 
• The port authority shall collect the tariffs on electricity consumed by ships for 
and on behalf of the electricity company. 
• The CI facility will be in use for 365 days a year. 
 
 I wish to state that it was simply unavoidable to resort to the use of assumptions and 
general figures in carrying out the analysis of this dissertation; this was mainly due to 
the fact that CI is an emerging port-based emission reduction technology and 
insufficient research work has at yet been carried out in this area to wholly rely on 
empirical data or information. That not withstanding, efforts were made to as far as 
practicable make reasonable assumptions, the figures therefore generated by this 
dissertation should not be seen as absolute but rather ‘best estimates’ as local 
conditions might vary considerably from the reasonable assumptions made. 
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Chapter Five. 
 
5.0  Ship Characteristics. 
Different sizes of ships have varying auxiliary engine power requirements and this is 
a determining factor in the kilowatts of electricity generated on board to maintain 
essential services at berth, when the propulsion engines of the ships are shut down. 
The auxiliary engine capacity of a ship is not directly related to its dead weight 
tonnage (dwt), but rather dependent on the kilowatts of power to be generated on 
board. For example, a 3000 dwt container ship built to carry mainly conventional 
containers (TEU’s and FEU’s) will not have the same auxiliary engine capacity as a 
3000 dwt container vessel built to transport refrigerated containers. Also, a 5000 dwt 
gearless container ship will not have the same auxiliary engine capacity as a geared 
container ship, as more electric power needs to be generated to power the ship board 
cranes.  
Vessels, dependent on their power requirements burn fuel at different grams per 
kilowatt hour (g/kW-hr) as can be seen in table 4.1 
 
5.1 Ship power requirements and grams/kW-hr. 
There is a direct correlation between the ship auxiliary power requirements and the 
grams/kW-hr of fuel consumed per vessel, as seen in figure 5-1.  
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Figure 5-1. Correlation between vessel power requirement and Gram/kW per vessel 
Small sized auxiliary engines with a power requirement of 600 kW burn fuel at the 
rate of 75 g/kW-hr, medium sized auxiliary with a power requirement of 1000 kW 
burn fuel at the rate of 125g/kW-hr and a large auxiliary engine with a power 
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requirement of 2000kW will burn approximately 250g/kW-hr of fuel. It must be 
emphasised that this analysis holds true for only relatively new auxiliary engines as 
older engines tend to burn more fuel as they age. 
5.2 Bunker Prices 
The prices of Marine Diesel Oil (MDO) and Marine Gas Oil (MGO) vary from one 
major bunkering location to the other and these variations may be due to geographical 
area and the level of sulphur in the marine fuel as seen in table 5-1. 
Table 5-1. Percentage of sulphur in MDO at bunkering locations (May, 2009) 
Supplier Sulphur Content % (m/m) 
Fujairah 3.28
Houston 2.80
Rotterdam 2.04
Singapore 2.66
  Source: Bunker world. 
 For example, the prices of marine fuels from the major bunkering locations in the 
world namely Singapore, Rotterdam, Houston and Fujairah vary marginally from each 
location. 
 Rotterdam supplied the cheapest MDO fuels and Fujairah was the most expensive, 
whereas Houston supplied the cheapest MGO fuels and the most expensive being 
Singapore (table 5-1). 
 
th July, 2009). Table 5-2. Marine fuel prices at major bunkering locations (7
Major 
suppliers 
MDO MGO 
Price/MT ($) Price/MT ($) 
Singapore 514 522
Rotterdam 471.5 511
Houston 522.5 458
Fujairah 790 502
Source: Bunkerbite. 
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Table 5-3. Cost of MDO/day ($) based on vessel power requirements. 
Power 
Requirement(kW) Houston Singapore Rotterdam Fujairah 
400 1005.8 989.5 907.6 1520.8 
500 1257.3 1236.8 1134.5 1900.9 
600 1508.7 1484.2 1361.5 2281.1 
700 1760.2 1731.5 1588.4 2661.3 
800 2011.6 1978.9 1815.3 3041.5 
900 2263.1 2226.3 2042.2 3421.7 
1000 2514.5 2473.6 2269.1 3801.9 
1100 2766 2721 2496 4182.1 
1200 3017.4 2968.4 2722.9 4562.3 
1300 3268.9 3215.7 2949.8 4942.4 
1400 3520.3 3463.1 3176.7 5322.6 
1500 3771.8 3710.4 3403.6 5702.8 
1600 4023.3 3957.8 3630.6 6083 
1700 4274.7 4205.2 3857.5 6463.2 
1800 4526.2 4452.5 4084.4 6843.4 
1900 4777.6 4699.9 4311.3 7223.6 
2000 5029.1 4947.3 4538.2 7603.8 
 
A ship with an auxiliary power requirement of 600 kW consuming 2.9 metric tonnes 
(M/T) of MDO per day will cost approximately $1,362 in Rotterdam with the same 
auxiliary engine capacity in Singapore, Houston and Fujairah costing approximately 
$1,484, $1,509 and $2,281 respectively for MDO consumed/day. 
Ships with auxiliary power requirements of 1000 kW consuming 4.8 M/T of fuel will 
cost approximately $2,269, $2,473, $2,514 and $3,800/day in Rotterdam, Singapore 
Houston and Fujairah respectively. 
In the case of a large ship with an auxiliary engine power requirement of 1600 kW 
consuming 7.7 M/T, it will cost approximately $3,631, $3,958 $4,023 and $6,083 per 
day in Rotterdam, Singapore, Houston and Fujairah respectively. 
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Table 5-4. Cost of MGO/day ($) based on vessel power requirements. 
Power 
Requirement(kW) Houston Singapore Rotterdam Fujairah 
400 882 1005 984 966 
500 1102 1256 1230 1208 
600 1323 1507 1476 1450 
700 1543 1759 1721 1691 
800 1763 2010 1967 1933 
900 1984 2261 2213 2174 
1000 2204 2512 2459 2416 
1100 2425 2763 2705 2658 
1200 2645 3015 2951 2899 
1300 2865 3266 3197 3141 
1400 3086 3517 3443 3382 
1500 3306 3768.2 3689 3624 
1600 3527 4019.4 3935 3865 
1700 3747 4270.6 4181 4107 
1800 3967 4521.8 4427 4349 
1900 4188 4773 4673 4590 
2000 4408 5024.3 4918 4832 
 
In relation to MGO prices, a ship with an auxiliary power requirement of 600 kW 
consuming 2.9 M/T of MGO per day will cost approximately $1,323 in Houston with 
the same auxiliary capacity in Fujairah Rotterdam and Singapore costing 
approximately $1,450, $1,476 and $1,507 respectively for MGO consumed/day. 
Ships with auxiliary power requirements of 1000 kW consuming 4.8 M/T of fuel will 
cost approximately $2,204, $2,416, $2,459 and $2,512 per day in Houston, Fujairah 
Rotterdam and Singapore respectively. 
In the case of a large ship with an auxiliary engine power requirement of 1600 KW 
consuming 7.7 M/T, it will cost approximately $3,527, $3,865, $3,935 and $4,019 per 
day in Houston, Fujairah, Rotterdam and Singapore respectively. 
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Table 5-5. Cost of MDO & MGO/day ($) for the Selected Vessels.  
 
Houston Singapore Rotterdam Fujairah 
Vessel Name 
MDO MGO MDO MGO MDO MGO MDO MGO 
Victoria 
Bridge 
1,508 1,323 1,484 1,507 1,362 1,476 2,281 1,450 
Hanjin Paris 12,070 10,580 11,873 12,058 10,892 11,804 18,249 11,596 
Lihue 4,275 3,747 4,205 4,271 3,858 4,181 6,463 4,107 
OOCL 
California 
2,389 2,094 2,350 2,387 2,156 2,336 3,612 2,295 
Chiquita Joy 8,800 7,714 8,658 8,792 7,942 8,607 13,307 8,456 
Ecstasy 17,601 15,429 17,315 17,585 15,884 17,214 26,613 16,911 
Alaskan 
Frontier 
9,505 8,332 9,350 9,496 8,577 9,296 14,371 9,132 
Chevron 
5,783 5,070 5,778 6,110 5,219 5,656 8,744 5,557 
Washington 
Groton 754 661 742 754 681 738 1,141 725 
Ansac 
Harmony 
1,572 1,378 1,546 1,570 1,418 1,537 2,376 1,510 
Pyxis 3,797 3,328 3,735 3,793 3,426 3,713 5,741 3,648 
Thorseggen 1,508 1,323 1,484 1,507 1,362 1,476 2,281 1,450 
 
From table 5-4 it can be observed that the selected vessels bunkering at the different 
locations incur varying expenses on both MDO and MGO fuels. The vessel operators 
make different cost savings at the different ports when they bunker. With regards to 
MDO fuels, more savings are made if bunkers are purchased in Rotterdam, Singapore, 
Houston and Fujairah respectively. In the case of MGO fuels, ship operators would 
make more savings if they are to bunker in Houston, Fujairah, Rotterdam and 
Singapore respectively.  
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5.3 Cost Comparison 
The comparison in the cost of using the different grades of marine fuels and shore 
electricity in the major bunkering locations (countries) based on ship auxiliary power 
requirements shows the most cost-effective option for generating on-board power to 
maintain essentials services and the most likely choice for ship operators (all other 
things being equal). 
 
5.3.1 Houston (USA). 
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Figure 5-2. Cost comparison between marine fuels and shore power in Houston. 
 
5.3.2 Rotterdam (The Netherlands) 
Cost comparison (Rotterdam)
0.0
1000.0
2000.0
3000.0
4000.0
5000.0
6000.0
7000.0
100 200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000
Vessel power requirement (kW)
C
os
t (
$/
da
y) Cost of MDO per day
Cost of MGO per day
Cost of 0.1% Sulphur - MGO
Cost of Shore power
 
Figure 5-3. Cost comparison between marine fuels and shore power in Rotterdam. 
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5.3.3 Singapore 
Cost comparison (Singapore)
0.0
1000.0
2000.0
3000.0
4000.0
5000.0
6000.0
7000.0
8000.0
9000.0
100 200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000
Vessel power requirements (kW)
C
os
t (
$/
da
y) Cost of MDO per day
Cost of MGO per day
Cost of 0.1% Sulphur-MGO
Cost of Shore power
 
Figure 5- 4. Cost comparison between marine fuels and shore power in Singapore. 
5.3.4 Fujairah (Qatar). 
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Figure 5-5. Cost comparison between marine fuels and shore power in Fujairah. 
 
5.4  Electricity cost. 
A key factor in the determination of the cost difference between CI and the use of the 
ships auxiliary engines in generating electricity to maintain essential services on 
board is the cost of electricity. 
Electricity prices vary greatly in different countries around the world, even in the 
same country it may vary based on the source of generation and technology, the cost 
of generating the power and the level of taxes. For example, power generation in 
Rotterdam from different sources have different cost, as can be seen in the table 5-6.  
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Table 5-6. Cost of electricity generated from different sources. 
Source of generation Cost/kW-hr (£) 
Onshore wind 0.094
Hydro power 0.073 – 0.125
Solar Energy 0.459 – 0.526
Biomass 0.115 – 0.177
      Source: Eversheds Faasen, 2009. 
 For the purposes of this research, the electricity tariffs of the selected major 
bunkering locations (countries) Rotterdam, Houston, Singapore and Fujairah were 
used in calculating the cost difference between the use of MDO and MGO on one 
hand and shore electricity on the other hand. 
With respect to the selected countries for this research, their electricity tariffs were as 
follows: 
Table 5-7. Electricity tariffs at bunkering locations (July, 2009). 
Country Cost/kW-hr ($) 
Netherlands (Rotterdam) 0.13
Singapore 0.16
USA (Houston) 0.11
Qatar (Fujairah) 0.03
   Source: Compiled from the respective country websites. 
From table 5-6, Fujairah has the lowest tariff with Singapore having the highest tariff 
among the four (4). 
 
5.4.1 Cost of electricity/day based on ship power requirements 
The cost of using shore power in the respective countries of the bunkering locations 
was determined based on the auxiliary power requirements of ships and the electricity 
tariffs (table 5-7).  
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Table 5-8. Cost of electricity/day ($) based on ship power requirements. 
Power 
Houston Singapore Rotterdam Fujairah 
Requirement (kW) 
400 1,056 1,536 1,248 288 
500 1,320 1,920 1,560 360 
600 1,584 2,304 1,872 432 
700 1,848 2,688 2,184 504 
800 2,112 3,072 2,496 576 
900 2,376 3,456 2,808 648 
1000 2,640 3,840 3,120 720 
1100 2,904 4,224 3,432 792 
1200 3,168 4,608 3,744 864 
1300 3,432 4,992 4,056 936 
1400 3,696 5,376 4,368 1,008 
1500 3,960 5,760 4,680 1,080 
1600 4,224 6,144 4,992 1,152 
1700 4,488 6,528 5,304 1,224 
1800 4,752 6,912 5,616 1,296 
1900 5,016 7,296 5,928 1,368 
2000 5,280 7,680 6,240 1,440 
 
For a ship with an auxiliary engine power requirement of 600 kW in berth, it will cost 
per day approximately $432, $1584, $1872 and $2304 for Fujairah, Houston, 
Rotterdam and Singapore respectively. 
For a ship with an auxiliary engine power of 1000 kW in berth, it will cost per day 
approximately $720, $2,640, $3,120 and $3,840 for Fujairah, Houston, Rotterdam and 
Singapore respectively. 
For a ship with an auxiliary engine power requirement of 1600 kW in berth, it will 
cost per day approximately $1,152, $4,224, $4,992 and $6,144 for Fujairah, Houston, 
Rotterdam and Singapore respectively. 
 
Analysing the difference in cost per day ships using their auxiliary engines to generate 
electricity on board using either MDO or MGO was found to be cheaper than the use 
of shore electricity to power ships at berth. This was observed in Houston, Rotterdam 
and Singapore. However, in Fujairah, the cost of using shore electricity to power ships 
at berth proved very positive there by recording lower costs compared to ships using 
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their auxiliary engines for the same purpose. The Fujairah example, clearly shows that 
cold ironing can be economically viable for ship operators in the long run if the taxes 
on electricity tariffs are considerably reduced to serve as an incentive for the operators 
to invest in either retrofitting their existing fleet or building AMP compliant ships, to 
contribute to the drastic reduction of ship board pollution in ports.    
 
Table 5-9. Cost of electricity/day for the Selected Vessels at bunkering location ports. 
Vessel Name Houston ($) Singapore ($) Rotterdam ($) Fujairah ($) 
1,584 2,304 1,872 432 Victoria Bridge 
12,672 18,432 14,976 3,456 Hanjin Paris 
1,584 6,528 5,304 326.4 Lihue 
2,508 3,648 2,964 684 OOCL California 
9,240 13,440 10,920 2,520 Chiquita Joy 
18,480 26,800 21,840 5,040 Ecstasy 
9,979 14,515 11,794 2,722 Alaskan Frontier 
6,072 8,832 7,176 1,656 Chevron Washington 
792 1,152 936 216 Groton 
1,721.3 2,400 1,950 450 Ansac Harmony 
3,986 5,798 4,711 1,081 Pyxis 
1,584 2,304 1,872 432 Thorseggen 
 
From table 5-9, an analysis of the figures shows that should the selected ships connect 
to shore power in the ports of the bunker suppliers when they are at berth, once again 
the cost incurred by the ship operators will vary based on their on board power 
requirements and the cost of kilowatt hour of electricity. As a result, more savings 
would be made if ships are to berth in Fujairah, Houston, Rotterdam and Singapore 
respectively.  
 
5.5  Directive 2005/33/EC and California Code of Regulations. 
In December 2006, the California Air Resource Board (CARB) adopted a new rule 
entitled “Emission Limits and Requirements for Auxiliary Diesel Engine and Diesel-
Electric Engines Operated on Ocean-Going Vessels Within Californian Waters and 24 
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5Nautical Miles of the California Baseline”  (California Code of Regulations, Title 13, 
Section 2299.1), which became effective January 1, 2007. This rule requires ship 
operators to ensure their auxiliary engines operating in the regulated Californian 
waters meet the first set of emission limits (using low sulphur fuel). Starting on 
January 1, 2010, ship operators have to ensure that their auxiliary engines operating in 
Californian waters meet the second set of emission limits (0.1% sulphur fuels); one 
way to do this would be to use MGO with 0.1% sulphur by weight.  
Similarly, Directive 2005/33/EC - will require ships at berth to burn only 0.1% 
sulphur fuel from January 2010. Should the California and EU directives become 
operational, they will obviously have a practical effect on low sulphur fueling 
strategies on the other major maritime nations outside the EU and California. As a 
consequence, this will particularly facilitate low sulphur fuel availability in these 
other maritime nations; because ships travelling from these ports to the EU and 
Californian ports need to bunker and start using low sulphur residual fuels upon 
arrival, so as to be in compliance with the directive in EU and Californian ports.  
 
Based on the impending Directives, an assessment of the cost implication on ship 
operators using 0.1% sulphur fuels vis-à-vis the use of shore power to determine the 
likely direction they will head when the Directives become effective from January 
2010. 
                                                 
5 California Code of Regulation, Title 13, Section 2299.1 “Emission Limits and Requirements for Auxiliary 
Diesel Engines and Diesel-Electric Engines Operated on Ocean-Going Vessels within California Waters and 
24 Nautical Miles off the California Baseline”. 
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Table 5-10. Cost of 0.1% sulphur (MGO)/day ($) based on vessel power requirements. 
Power 
Requirement 
(kW) 
Houston Singapore Rotterdam Fujairah 
400 939 1063 984 1024
500 1174 1328 1230 1280
600 1409 1594 1476 1536
700 1644 1860 1721 1792
800 1879 2125 1967 2048
900 2114 2391 2213 2304
1000 2349 2657 2459 2560
1100 2583 2922 2705 2816
1200 2818 3188 2951 3072
1300 3053 3454 3197 3328
1400 3288 3719 3443 3584
1500 3523 3985 3689 3840
1600 3758 4250 394 4096
1700 3993 4516 4181 4352
1800 4227 4782 4427 4609
1900 4462 5047 4673 4865
2000 4697 5313 4918 5121
 
A ship with an average auxiliary power requirement of 600 kW consuming 2.9 metric 
tonnes (M/T) of 0.1 % sulphur level of MGO per day will cost approximately $1,409 
in Houston with the same auxiliary engine capacity in Rotterdam, Fujairah and 
Singapore costing approximately $1,476, $1,536 and $1,594 respectively of MGO 
consumed/day.  
Ships with auxiliary power requirements of 1000 kW consuming 4.8 M/T of fuel, it 
will cost approximately $2,349, $2,459, $2,560 and $2,657 per day in Houston, 
Rotterdam, Fujairah and Singapore respectively. 
In the case of a large ship with an auxiliary engine power requirement of 1600 kW 
consuming 7.7 M/T, it will cost approximately $3,758, $3,948, $4,096 and $4,250 per 
day in Houston, Rotterdam, Fujairah and Singapore respectively. 
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Table 5-11. Cost of 0.1% Sulphur MGO/day ($) for the Selected Vessels. 
 
Vessel Name Houston($) Singapore($) Rotterdam($) Fujairah($) 
Victoria Bridge 1,409 1,594 1,476 1,536 
Hanjin Paris 11,273 12,751 11,804 12,289 
Lihue 3,993 4,516 4,181 4,352 
OOCL California 2,231 2,524 2,336 2,432 
Chiquita Joy 8,220 9,298 8,607 8,961 
Ecstasy 16,440 18,596 17,214 17,922 
Alaskan Frontier 8,877 10,042 9,296 9,678 
Chevron 
5,402 6,110 5,656 5,889 
Washington 
Groton 705 797 738 768 
Ansac Harmony 1,468 1,660 1,537 1,600 
Pyxis 3,546 4,011 3,713 3,866 
Thorseggen 1,409 1,594 1,476 1,536 
 
An analysis of the comparison between the cost of using 0.1% sulphur levels of using 
MGO and the total cost to ships connecting to shore power, after January 2010 when 
the Directive 2005/33/EC and California Code of Regulations becomes effective, 
shows that ship operators will still opt for 0.1% sulphur if the prices are to remain the 
same or when there is even a further reduction in marine fuel prices on the world 
market. Ship operators will only start to consider connecting to shore power as an 
alternative economic solution to the continued reliance on 0.1% sulphur fuels when 
the bunker prices begin to escalate (though possible, but not sustainable in the long 
run). 
 
When bunker prices begin to rise beyond the total cost of connecting to shore power, 
it would now become a prudent measure for ports to consider investing in CI facilities 
with the view to meeting the needs of their major customers. Against this background, 
the research work considered the cost implications of installing the CI facility and the 
likely impact of the expected investments on the management and operations of ports.  
 
5.6 Canalisation cost  
The cost of canalisation will vary from port to port and will hinge largely on the 
availability of space within the port to build a main or substation transformer to 
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connect to the berth. Therefore by extension the shorter the distance, the less costly it 
will be to canalize, hence serves as a determining factor in the overall cost of having 
the CI facility installed in a port. A cost of $210 was used in estimating the 
canalisation cost/metre. (table 5-12).   
Table 5-12. Canalisation cost/meter from transformer location. 
Metres 50 100 150 200 250 300 350 400 450 500 
Cost($) 10,500 21,000 31,500 42,000 52,500 63,000 73,500 84,000 94,500 105,000 
 
5.7  Cost of canalisation in between berths 
With the growing size and length of ships, there is the need for ports to always 
allocate berths that are capable of accommodating these ships. As a consequence, the 
berth interval was taken into consideration in calculating the canalisation cost per 
berth with the view to have an idea of the overall cost of installing the CI facility in a 
number of berths or all berths in a port. This analysis holds true for only straight type 
berths and not indented berths. Considering the average sizes and length of current 
fleets of vessels visiting most ports, a berth interval of 150m, 200m, 250m, 300m, 
350m and 400m were used to estimate the cost of canalisation in between berths. This 
cost is assumed to be that of an already existing berth yet to be canalized and that the 
cost for the construction of a new berth for CI will be lower than the figures quoted in 
this analysis. A cost of $210 was used in estimating the canalisation cost/metre (table 
5-13) 
Table 5-13. Cost ($) of canalisation in between berths 
Berth 150m 200m 250m 300m 350m 400m 
1 31,500 42,000 52,500 63,000 73,500 84,000 
2 63,000 84,000 105,000 126,000 147,000 168,000 
3 94,500 126,000 157,500 189,000 220,500 252,000 
4 126,000 168,000 210,000 252,000 294,000 336,000 
5 157,500 210,000 262,500 315,000 367,500 420,000 
6 189,000 252,000 315,000 378,000 441,000 504,000 
7 220,500 294,000 367,500 441,000 514,500 588,000 
8 252,000 336,000 420,000 504,000 588,000 672,000 
9 283,500 378,000 472,500 567,000 661,500 756,000 
10 315,000 420,000 525,000 630,000 735,000 840,000 
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5.8 Cost/metre of high voltage cables. 
The cost of high voltage cables used also depends on the distance from the main 
electric source to the port or terminals i.e. whether the facility is an on-site or off-site 
installation. Like canalisation, the shorter the distance to the port the lower the cost, 
hence distance is a major factor which ultimately impacts on the overall cost of 
installing the facility in a port. A cost of $21 per metre of high voltage cable (10kV) 
was used in estimating the cost of laying 10kV high voltage cables (table 5-14). 
 
Table 5-14.  Cost/metre of high voltage cables (10kV) from the transformer. 
Metres 50 100 150 200 250 300 350 400 450 500 
Cost($) 1,050 2,100 3,150 4,200 5,250 6,300 7,350 8,400 9,450 10,500 
 
5.9 Cost of high voltage cables in between berths. 
The total cost of laying high voltage cables (10kV) in port from one berth to another 
is also dependent on the distance in between the berths; this is for a straight type berth 
design. Berth design and interval vary from port to port and it is to a large extent a 
major factor taking into consideration by ports in their quest to attract certain type of 
ships and traffic. The intervals between berths at a port is indicative of how large or 
small a port is and a determinant factor in the number of berths that can be 
demarcated within the port based on the sizes and length of ships ports expect to 
handle. For the purpose of this dissertation, a berth interval of 150m, 200m, 250m, 
300m, 350m and 400m apart was used to estimate the cost/metre of high voltage 
cables (10kV) in between berths. A cost of $21 was used in calculating the high 
voltage cable cost in between berths (table 5-15).  
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Table 5-15.  Cost/metre of high voltage cables (10kV) in between berths ($) 
Berth 150m 200m 250m 300m 350m 400m 
1 3,150 4,200 5,250 6,300 7,350 8,400 
2 6,300 8,400 10,500 12,600 14,700 16,800 
3 9,450 12,600 15,750 18,900 22,050 25,200 
4 12,600 16,800 21,000 25,200 29,400 33,600 
5 15,750 21,000 26,250 31,500 36,750 42,000 
6 18,900 25,200 31,500 37,800 44,100 50,400 
7 22,050 29,400 36,750 44,100 51,450 58,800 
8 25,200 33,600 42,000 50,400 58,800 67,200 
9 28,350 37,800 47,250 56,700 66,150 75,600 
10 31,500 42,000 52,500 63,000 73,500 84,000 
 
5-10 Cost/metre of high voltage cables (10kV) from shore to ship. 
The cost of high voltage cables from the berth to the ship is also a factor which is 
dependent on the distance between the location where the ship finally docks and the 
location of the transformer on the berth where cables are to be used to plug into the 
ship. It must be noted that the distance from the berth to the vessel is also a factor if 
the transformer is fixed at the berth or is a movable transformer on a badge. If the 
facility is a fixed one, then longer cables will be required depending on the distance 
from the transformer to the ship. However, in the case of the movable facility, shorter 
cables could be used as the barges can get closer to the ship as long as it is safe to do 
so. A of $35 cost per metre of high voltage cable (10kV) was used in estimating the 
cost based on the distance from the transformer to the ship (table 5-16).  
It once again should be noted that, in the absence of an internationally accepted 
standard for the CI facility as at now, cables running from the shore to the ship could 
be any thing between one to six cables. Therefore, the number of cables required to 
plug into the ship, will also become another determinant factor on how high or low 
the total cost of installing the whole CI facility in a port will be, besides the distance.  
 
Table 5-16. Cost/metre of high voltage cables (10kV) from shore to ship. 
Metres 10 20 30 40 50 60 70 80 90 100 
Cost($) 350 700 1,050 1,400 1,750 2,100 2,450 2,800 3,150 3,500 
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5-11 Electricity Converter and Installation Costs per berth. 
An analysis of the electricity converter and installation costs at the ports of Göteborg 
(low cost port) and Long Beach (high cost port) showed a reduction in expenditure 
when the number of berths is increased for either small, medium or large electricity 
converters. This trend also reflected in the installation cost as well, which implies that 
the total cost of  acquiring and installing converters at the port irrespective of the size 
are cost effective if they are installed at a considerable number of berths at the same 
time other than at one or two berths. The capital intensive nature of installing the CI 
facility at ports, therefore requires that for the purpose of saving money, the entire 
investment should be done in a holistic manner other than in a piece-meal fashion, 
even if some berths will not be put to immediate use, there is still the need to lay the 
basic infrastructure awaiting its full usage in the not too distant future. Installing the 
CI facility to serve only one or two berths will result in the under utilisation of the 
transformers and converters, hence a locking up of port capital.  
The cost of installation for either small, medium or large transformers was estimated 
to be 75% of the cost of electricity converters (Entec 2004, p. 22) and a 10% 
reduction on the initial transformer cost was assumed to be the case if an extra 
transformer is to be required for any extra berth. 
 
Table 5-17.  Electricity Converter / Installation Costs per berth per vessel size 
Electricity Converter Cost ($) Installation  Cost($) 
No. of Berth 
Small Medium Large Small Medium Large 
1 213,000 284,520 355,250 159,750 213,390 266,438 
2 191,700 255,825 319,925 143,775 191,869 239,794 
3 172,530 230,243 287,753 129,398 172,682 215,814 
4 155,277 207,218 258,977 116,458 155,414 194,233 
5 139,749 186,496 233,080 104,812 139,872 174,810 
6 125,744 167,847 209,772 94,331 125,885 157,329 
7 113,197 151,062 188,974 84,898 113,297 141,596 
8 101,877 135,956 169,915 76,408 101,967 127,436 
9 91,690 122,360 152,924 68,767 91,770 114,693 
10 82,520 110,124 137,631 61,890 82,593 103,223 
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5-12 Total cost per berth per ship size. 
Owing to the direct correlation between the ship size and berth allocation, there is the 
need to save cost by allocating ships accordingly when they are to berth at the port. 
Even though there is no direct correlation between the ship size and its auxiliary 
engine power requirements, the berth to be allocated can reasonably be determined by 
having knowledge of the length overall (LOA) of the ship.  The total cost of electrical 
converters and their subsequent installation at a berth could be greatly reduced if the 
ship size and the likely auxiliary engine power requirements of ships expected to 
berth and connect to the shore power, are taking into consideration in the planning 
and the acquisition of electrical converters and installations to specific berths.  
Analysis of the cost figures (table 5-18) amply shows that if the ship size is not taking 
into consideration during the electric converters acquisition and subsequent 
installation, the total cost per berth will become high. For example, the cost per berth 
for small, medium and large ships respectively for one berth is estimated to be 
$186,375, $248,719 and $ 310,844. Therefore, should an electrical converter with a 
capacity capable of converting power of 50Hz to 60Hz for large ships be installed in a 
berth only capable of handling either small or medium sized ships by virtue of their 
LOA and draft, the port will lose money per berth due to the total cost and installation 
of a high capacity electric converter at a berth where it will be under utilised. 
Table 5-18. Total cost per berth by ship size 
Number of berths Vessel 
size 1 2 3 4 5 6 7 8 9 10 
Small 
186,375 167,738 150,964 135,867 122,281 110,053 99,047 89,143 80,228 72,205 
($) 
Medium 
($) 
248,719 223,847 201,462 181,316 136,184 146,866 132,179 118,961 107,065 96,359 
Large ($) 310,844 279,759 251,783 226,605 203,945 183,550 165,195 148,676 133,808 120,427 
 
5-13 High Voltage Connection Cost 
The total costs for the high voltage connection to both ports were different per berth 
because the distances from the main electricity sources were not the same. The low 
cost port had its high voltage electricity closer to the port than that of the high cost 
port. Therefore low cost ports do did not need a high number of transformer sub-
stations in the overall transmission of electricity from the main power grid to the port, 
whereas high cost ports on the other hand needed a higher number of transformer sub-
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stations. The initial high voltage connection cost per berth was estimated to be 
$181,500 and $378,350 for low and high cost ports respectively. An assumption of 
10% reduction in cost was used in estimating for each extra berth added. This 
therefore implies that, increasing the number of berths in both cases will result in a 
corresponding reduction in the total cost for high voltage connection to the terminal 
(table 5-19). 
Table 5-19. High Voltage Connection Cost ($) 
Number of berths Number 
of 
berths 
1 2 3 4 5 6 7 8 9 10 
Low port 
cost ($) 
181,500 163,350 147,015 132,314 119,082 107,174 96,457 86,820 78,130 70,317 
High 
cost ($) 
378,350 340,515 306,464 275,817 248,235 223,412 201,071 180,964 162,867 146,581 
 
5.14  Fixed cable reel system. 
Due to the danger of handling high tension cables, fixed cable reel systems are 
installed at the berths and there may be one or two fixed cable reels at a berth 
depending on the amperes of the ship to be served. For the purposes of this 
dissertation, an assumption of one fixed cable reel per berth was used to work out the 
cost (table 5-20). 
 
Table 5-20. Cost of fixed cable reel/berth 
Number of berth 1 2 3 4 5 6 7 8 9 10 
Cost ($) ,000 212 424 636 848 1,060 1,272 1,484 1,696 1,908 2,120 
 
5.15  Work Barge Transformers 
Port operations regarding container ships and bulk carriers require the movement of 
cargo handling equipment usually for the full length of the ship in loading and 
unloading operations. Although, the operations may take place at one section of the 
ship at a considerable period of time before it is moved along the ship to another 
section, for safety reasons it will not be prudent to be moving the CI facility back and 
forth, as a result, the use of a fixed cable reel system has been found not to be 
appropriate for handling such ship as it hampers handling operations at the berth.  
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The ideal method which may effectively power such ships using shore electricity is 
the use of work barges that are fitted with transformers that are mainly plugged into 
the ships at the stern area. The use of this facility greatly increases the total cost of 
installing the CI facility in ports. It also explains why certain ports will require more 
initial capital investment than others, notwithstanding the cost difference associated 
with the distance of high voltage electricity connection to the ports. 
However, unlike the fixed cable reel system, ports do not have to have one work 
barge to each berth as these can easily be moved from one berth to another, the 
number of containers, refrigerated and bulk carriers calling at the port and the berth 
occupancy ratio (BOR) of ports, will be the determining factors as to how many work 
barges would be required. The cost of a fully fitted work barge ranges from 
$1,300,000-$1,500,000 and an average cost of $116,000-$760,000 operation and 
maintenance costs for all connection sizes per year (Entec, 2005, p. 24). The cost 
variations in the operations and maintenance of the work barge could be attributed to 
the level of sophistication and the crew on board to man the barges throughout the 
year. 
 
5.16 Determination of Total Costs. 
The total cost for both ports (low and high) was determined using the various 
individual parameters that make up the total installation of the CI facility in a port. 
 
5.16.1 Low cost port (with high voltage power closer to the port). 
Table 5-21. Estimated cost per berth for a low cost port. 
Ship Sizes 
Cost ($) 
Small($) Medium($) Large($) 
Canalisation from transformer to berth 10,500 10,500 10,500 
Canalisation in between berths 31,500 31,500 31,500 
Cost/metre of high voltage cables 1,050 1,050 1,050 
Laying cables in between berths 3,150 3,150 3,150 
Cable cost from ship to shore 350 350 350 
Electricity converter 213,000 284,520 355,250 
Installation 159,750 213,390 266,438 
High voltage connection 181,500 181,500 181,500 
Fixed cable reel/berth 212,000 212,000 212,000 
Total cost 812,800 937,960 1,061,738 
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5.16.2 High cost port (with high voltage power farther away from the port). 
Table 5-22. Estimated cost per berth for a high cost port. 
Ship Sizes 
Cost ($) 
Small($) Medium($) Large($) 
Canalisation from transformer to berth 105,000 105,000 105,000 
Canalisation in between berths 84,000 84,000 84,000 
Cost/metre of high voltage cables 10,500 10,500 10,500 
Laying cables in between berths 8,400 8,400 8,400 
Cable cost from ship to shore 3,500 3,500 3,500 
Electricity converter 213,000 284,520 355,250 
Installation 159,750 213,390 266,438 
High voltage connection 378,350 378,350 378,350 
Fixed cable reel/berth 212,000 212,000 212,000 
Total cost 1,174,500 1,299,660 1,423,438 
 
The cost of using a work barge transformer was added to the total costs for both low 
port and high port, this is because the cost calculation was based on the assumption 
that ships calling at the port will berth at the same place and also do not require cranes 
to load and unload cargoes. The cost was also not taken into consideration because a 
port does not necessarily need a work barge per berth as barges can be easily moved 
around to serve ships and its numbers will largely be influenced by the BOR and the 
number and frequency of ship calls.   
 
The total cost per berth will reduce, if the number of berths connected to shore power 
is increased; this is because the main transformer stations and sub-stations costs will 
remain unchanged together with the installation cost. It should be noted, however, that 
increasing the number of berths beyond a certain distance might require an additional 
transformer sub-stations to effectively transmit power from the main station to those 
berths which may be farther away. This invariably will lead to a corresponding 
increase in the installation cost as well, as a result, the total cost of CI installation at 
both low cost and high cost ports will be cheaper to connect as many berths as 
practicable to shore electricity rather than to one or two berths.   
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5.17  Ship calling patterns 
5.17.1 Port of Rotterdam (Ship calls in 2008). 
Percentage of ship calls in port of Rotterdam
44%
46% 
10% 
Container ships
General Cargo Ships 
Ro/ro Vessels
 
Figure 5-6. Ship calls in Port of Rotterdam in 2008. 
 
5.17.2  Ship Types and Docking Patterns in Rotterdam. 
Table 5-23. Ship Types and Docking Patterns 
Category                                                                  Ship Types 
1. No cranes, dock                                                 Ro/ro          
            in same position (10%)                                      
2. Use cranes, dock in                                           Container, General Cargo  
various positions (90%)                                                                       
 
With a high percentage of ships docking in various positions and using cranes for 
cargo operations (Table 5-23), it can been deduced that the total cost of CI installation 
for such ports are as a result of the high number of work barges that would be 
required to effectively power such ships with shore electricity. This is besides the high 
voltage connection cost that may also be as a result of the distance between the port 
and main electricity grid.   
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5.17.3  Port of Tema (Ship calls in 2008). 
Percentage of ship calls in Tema Port
8% 5%
40%
6% 5% 
8% 
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CELLULAR CONTAINER 
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ROLL-ON ROLL-OFF
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Figure 5-7. Ship calls in Port of Tema in 2008. 
 
5.17.4  Ship Types and Docking Patterns in Tema. 
Table 5-24. Ship Types and Docking Patterns. 
Category                                                                              Ship Types 
1. No cranes, dock in                                             Tankers, ro-ro, others.             
            in same position (29%)                                        
2. Use cranes, dock in                                            Container, General Cargo  
various positions (71%)                                      Reefers, Dry bulk.                       
 
With the port recording 71% calls in ships docking in various positions and requiring 
cranes in their loading and unloading operations, it can been deduced that a 
considerable number of work barges would be required and this will contribute 
significantly to the total cost of CI installation in the port besides the high voltage 
connection cost. 
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5.17.5  Copenhagen-Malmo Port (Ship calls in 2008). 
 
Percentage of ship calls in CMP
7% 9%
15%
10%4%9%9% 
37% 
Tankers 
Bulk Carriers 
Containers 
Car/Passenger Ferries 
Ro/ro 
Cruise 
Dry Cargo ships 
Others 
Figure 5-8. Ship calls in CMP in 2008. 
 
5.17.6  Ship Types and Docking Patterns in CMP. 
Table 5-25. Ship Types and Docking Patterns. 
Category                                                                              Ship Types 
1. No cranes, dock in                                             Tankers, Car/Passenger Ferries,   
            in same position (67%)                                      Ro/ro, Cruise, others. 
2. Use cranes, dock in                                            Containers, Bulk Cargo, Dry  
various positions (33%)                                     Cargo ships. 
 
With the port recording 67% in ship calls that do not require cranes in their cargo 
handling operations and also docking in the same position at berth, it can be deduced 
that the total cost of CI installation in port will be determined largely by the high 
voltage connection cost rather than the cost of work barge acquisition for ships which 
dock in various positions and use cranes for their cargo handling operations. This is 
because it constitutes only 33% of ship calls. In such ports one or two work barges 
could be acquired depending on the BOR of the port. 
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5.18  Financial Indicators 
5.18.1  Port of Rotterdam 
Table 5-26 Different investment categories in Rotterdam.  
Category No subsidy($) 25% subsidy($) 50% subsidy($) 75% subsidy($) 
Initial Investment 40,000,000 30,000,000 20,000,000 10,000,000 
Earnings p.a 156,355.67 156,355.67 156,355.67 156,355.67 
Operating cost p.a 141,802,500 141,802,500 141,802,500 141,802,500 
NPV -112,584,405 -102,584,405 -92,584,405 -82,584,405 
IRR 0 0 0 0 
 
5.18.2  Port of Tema. 
Table 5-27 Different investment categories in Tema. 
Category No subsidy($) 25% subsidy($) 50% subsidy($) 75% subsidy($) 
Initial Investment 40,000,000 30,000,000 20,000,000 10,000,000 
Earnings p.a 176,293.45 176,293.45 176,293.45 176,293.45 
Operating cost p.a 141,802,500 141,802,500 141,802,500 141,802,500 
NPV -112,592,130 -102,592,130 -92,592,130 -82,592,130 
IRR 0 0 0 0 
 
 
5.18.3  Copenhagen-Malmo Port. 
Table 5-28 Different investment categories in CMP 
Category No subsidy($) 25% subsidy($) 50% subsidy($) 75% subsidy($) 
Initial Investment 40,000,000 30,000,000 20,000,000 10,000,000 
Earnings p.a 137,874.62 137,874.62 137,874.62 137,874.62 
Operating cost p.a 141,802,500 141,802,500 141,802,500 141,802,500 
NPV -112,610,815 -102,610,815 -92,610,815 -82,610,815 
IRR 0 0 0 0 
 
Analysis of the three categories of ports shows a negative NPV for each and a zero 
IRR for all, an indication of a no return on investment over the 30-year period.  
It must, however, be noted that this will only be the case if for the 30-year period of 
operating the CI facility if there are no reductions in taxes on electricity tariffs to 
serve as an incentive for ship operators to use the CI facility. If this does not happen 
and the total cost of generating on-board electricity continues to be cheaper than the 
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use of shore power, ports will be put in a very difficult position as they cannot charge 
realistic service fees for ships using the facility to at least recover cost over the period. 
 
An analysis of the financial indicators for the initial capital investments in CI vis-à-vis 
the number of ships calling at the three ports where ships are expected to connect to 
shore power once at berth (assuming 100% usage), appears highly uneconomical as 
the cost of installation and operating the CI facility per year far exceeds the revenues 
per year from the use of the facility. Therefore, if the cost of using shore power by 
ships in port remains much more expensive than ships using auxiliary engines to 
generate on-board electricity for hotelling, it will become highly improbable for ports 
to adjust their service fees beyond $0.008 charged by the ports except in the case of 
Fujairah (where electricity tariffs are significantly lower) making CI a better 
alternative for ship operators rather than resorting to the use of auxiliary engines. Any 
attempt to increase the service fees beyond this level will make the total cost of 
hotelling in port, using CI, very prohibitive and consequently serve as disincentive for 
ships operators to use the facility. This situation ultimately has the potential to render 
ports (which wants to remain ‘green’) uncompetitive with many ship operators re-
routing their ships to other ports, particularly so when the use of CI is not obligatory 
as at yet. This is because, as per the new EC Directive 2005/33/EC that comes into 
effect from January 2010, it requires all ships entering EU ports to use 0.1% Sulphur 
fuel (MGO) or use CI when at berth. Therefore, When ship operators clearly have an 
option of using either of the two, they obviously will  resort to the use of 0.1% 
sulphur fuel for hotelling as long as the bunker prices do not go up too high to the 
extent of making it uneconomical to continue using 0.1% sulphur. This situation will 
inevitably compel ship operators to consider CI as an alternative option. Until such a 
time that there will be an enactment of any laws or regulations compelling ship 
operators to compulsorily connect to shore power whilst in port as is being pushed by 
the Californian City authorities, the CI facilities will continue to be ‘white elephants’ 
in ports for a very long time to come. This no doubt will lead to the locking up of 
capital for ports which they could have otherwise invested in other economically 
viable projects. 
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Chapter Six. 
 
6.0  Conclusion and Recommendations. 
6.1  Conclusion. 
 
In conclusion, it can be observed that the environmental benefits associated with CI in 
the reduction of NO , SOx x and PM is substantial as it eliminates or considerably 
reduces all these pollutant emissions in shutting down of the ship’s auxiliary engine. 
Compared to the other emission reduction techniques, CI also eliminates completely 
the noise that is commonly associated with ship hotelling.  
The technique of repowering with natural gas/duel fuel engine, the use of cryogenic 
refrigerated container and the SCR system in combination with low sulphur fuels 
(MGO) has the potential to serve as a very good alternative to CI. The cost of 
installation and operations of the CI facility compared to these other alternatives is 
capital intensive; these costs vary from port to port thereby making it difficult to 
determine the actual cost-effectiveness of CI. 
On the other hand, CI is the only port-based emission reduction technique among the 
other alternatives that compulsorily requires massive infrastructure outlays from ports, 
which invariably has a direct impact on port management and operations.  
The impact of CI on ports can be conclusively said to be negative (economically) 
because of the current parameters of high cost of installation and virtually no return 
on investment. These factors have resulted due to the lower cost of hotelling using 
ship’s auxiliary engines compared to use shore side electricity for the same purpose.  
 
This study shows that CI at present is only technically feasible for installation in most 
ports, hence a pointer to the fact that ports cannot in any way on their own bear the 
full financing of the CI facility. 
 
However, CI can become economically viable if the State puts in place a tax 
exemption package for ships using shore power in ports to serve as an incentive for 
ship operators to switch over to using CI (as has been announced by the Swedish 
government) or when the prices of marine fuels go up so high as to make it 
uneconomical compared to using CI (this though possible but not sustainable in the 
long run). If any of these two scenarios becomes the case, then ports can begin to 
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charge realistic service fees from ships using the facility to raise enough revenue to 
recoup their operational and maintenance costs and possibly break even.  
 
The environmental benefits and the high investments cost associated with CI have 
been    recognised by the EU, IAPH, ESPO and AAPA (white paper) and have edged 
their members to consider the use of CI, albeit in a non-binding recommendation. 
Most ports too do acknowledge the environmental benefits associated with CI, but 
have been seemingly reluctant to invest in the facility due to the high cost of 
investment and virtually no return on investments. 
 
The long lead time taking to fully install the CI facility has the potential to affect the 
operations of the port, as berths would have to be temporarily closed for a 
considerable length of time, thereby impacting negatively on port revenues. The 
installation of transformers within the port area also has the potential of taking port 
land that otherwise could have been used for the storage of containers or other cargoes. 
As a measure to secure the safety of port workers and ships, a large portion of land is 
utilised to fence the installed transformers.   
  
In the light of the no return on investments, ports should not be in haste to invest in 
the CI facility even if 100% of ships calling at their facilities are AMP compliant. 
Ports should also consider subsidies from City authorities very carefully before taking 
up to invest in CI, not withstanding the environmental benefits that come along with 
ships connecting to shore power.  
However, ports can respond to requests from major ship operators that operate a 
regular service to the port, by signing a memorandum of understanding whereby the 
shipping companies commit to use the facility at all times when their ships are in port, 
and are ready to pay reasonable service fees that can cushion the port to be able to at 
least break even for its investments made, as is the case in the port of Göteborg.  
Ports could also go ahead to invest in the CI facility if it is offered any financial 
incentive from the city or state by way of a grant or an interest free loan with flexible 
payment terms, taking cognisance of the environmental and social benefits that come 
along with plugging ships to shore electricity when they are at berth.    
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Finally ports should be willing to make some sacrifices financially as their social 
responsibility commitments towards the good health of the inhabitants of the city by 
charging realistic service fees just to break even so as to have enough funds to 
maintain the CI facility, or at worst incur an annual 10% loss from the revenues from 
CI to engender good neighbourliness with the inhabitants of the City thereby whittling 
down the pressures from residents and so-called ‘green’ campaigners.  
 
6.2 Recommendations. 
I would like to make the following recommendations for further and future 
consideration by the maritime industry and other stakeholders with interest in CI: 
• The standardisation being worked on by IMO in collaboration with the ISO, 
IEC and classification societies to have a universal standard for CI should be 
fast tracked, which will inevitably cut down the total cost of installation. 
• Adoption of the use of SCR systems in combination with the use of low 
sulphur MGO during port calls should be explored further as a more practical 
alternative to AMP. 
• The environmental benefits and the cost-effectiveness analysis of CI and other 
available techniques should be further studied before a particular one or 
combination is recommended. 
• AMP should be incorporated in future lease agreements with potential 
terminal operators to contribute towards the total cost of installation. 
• Ports should continue giving incentives to ‘green’ ships to encourage them to 
invest in other effective port-based emission reduction techniques. 
• CI should only be made mandatory for ports which are situated too close to 
residential areas to eliminate the noise nuisance associated with ship hotelling. 
• Ports should consider alternative control technologies in cases where AMP is 
physically and technically not feasible to implement. 
• Vessel speed reduction should be encouraged by ports and enforced to reduce 
emissions from ships in ports. 
• Ports mayd invest in AMP as a competitive tool whereby AMP ships could be 
granted priority to use terminals any time they arrive by so doing afford AMP 
ships a competitive advantage. 
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• Ports with good hinterland connections that serve as a key import/export 
centre for goods transported in the region could exploit their advantageous 
position in discussing with shipping companies the implementation of CI.     
• The State or City authorities should consider, as a matter of importance, the 
reduction of taxes on electricity supplied to ships to serve as an incentive for 
ship operators to use shore power to pave way ports to charge realistic fees to 
recover cost.  
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Appendix A 
Data Analysis (Rotterdam) 
Cost of 
Onshore 
Power/day 
($) 
Port 
facility 
cost/kWh 
($) 
Qty of fuel 
consumed/day 
(M/T) 
Cost of 
MDO/day 
($) 
Cost of 
MGO/day 
($) 
Vessel power 
requirements 
(kW) 
0.1% 
Sulphur
0.1% 
Sulphur/day
Cost/KW 
Onshore 
Total Cost $ 
(Electricity) 
Gram/kW.hr 
per vessel 
MDO 
cost/MT 
MGO 
cost/MT
250 471.5 511 9.6 4538.2 4918.4 511.0 4918.4 0.13 6240 0.008 6624 2000 
237.5 471.5 511 9.1 4311.3 4672.5 511.0 4672.5 0.13 5928 0.008 6292.8 1900 
225 471.5 511 8.7 4084.4 4426.5 511.0 4426.5 0.13 5616 0.008 5961.6 1800 
212.5 471.5 511 8.2 3857.5 4180.6 511.0 4180.6 0.13 5304 0.008 5630.4 1700 
200 471.5 511 7.7 3630.6 3934.7 511.0 3934.7 0.13 4992 0.008 5299.2 1600 
187.5 471.5 511 7.2 3403.6 3688.8 511.0 3688.8 0.13 4680 0.008 4968 1500 
175 471.5 511 6.7 3176.7 3442.9 511.0 3442.9 0.13 4368 0.008 4636.8 1400 
162.5 471.5 511 6.3 2949.8 3196.9 511.0 3196.9 0.13 4056 0.008 4305.6 1300 
150 471.5 511 5.8 2722.9 2951.0 511.0 2951.0 0.13 3744 0.008 3974.4 1200 
137.5 471.5 511 5.3 2496.0 2705.1 511.0 2705.1 0.13 3432 0.008 3643.2 1100 
125 471.5 511 4.8 2269.1 2459.2 511.0 2459.2 0.13 3120 0.008 3312 1000 
112.5 471.5 511 4.3 2042.2 2213.3 511.0 2213.3 0.13 2808 0.008 2980.8 900 
100 471.5 511 3.9 1815.3 1967.4 511.0 1967.4 0.13 2496 0.008 2649.6 800 
87.5 471.5 511 3.4 1588.4 1721.4 511.0 1721.4 0.13 2184 0.008 2318.4 700 
75 471.5 511 2.9 1361.5 1475.5 511.0 1475.5 0.13 1872 0.008 1987.2 600 
62.5 471.5 511 2.4 1134.5 1229.6 511.0 1229.6 0.13 1560 0.008 1656 500 
50 471.5 511 1.9 907.6 983.7 511.0 983.7 0.13 1248 0.008 1324.8 400 
37.5 471.5 511 1.4 680.7 737.8 511.0 737.8 0.13 936 0.008 993.6 300 
25 471.5 511 1.0 453.8 491.8 511.0 491.8 0.13 624 0.008 662.4 200 
12.5 471.5 511 0.5 226.9 245.9 511.0 245.9 0.13 312 0.008 331.2 100 
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Appendix B 
Data Analysis (Houston) 
Vessel 
power 
requirements 
(kW) 
Gram/kW hr 
per vessel 
MDO 
cost/M/T 
($) 
MGO 
cost/MT 
($) 
Qty of fuel 
consumed/day 
(M/T) 
Cost of 
MDO/day 
($) 
Cost of 
MGO/day 
($) 
0.1% 
Sulphur 
MGO 
($) 
0.1% 
Sulphur/day
Cost/kW 
electricity 
($) 
Cost of  
electricity 
used/day 
($) 
Port 
facility 
cost/kWh 
($) 
Port 
facility 
cost/day 
($) 
Total Cost 
$ 
(Electricity) 
2000 250 522.5 458 9.6 5029.1 4408.3 488.0 4697.0 0.11 5280 0.008 384 5664 
1900 237.5 522.5 458 9.1 4777.6 4187.8 488.0 4462.2 0.11 5016 0.008 364.8 5380.8 
1800 225 522.5 458 8.7 4526.2 3967.4 488.0 4227.3 0.11 4752 0.008 345.6 5097.6 
1700 212.5 522.5 458 8.2 4274.7 3747.0 488.0 3992.5 0.11 4488 0.008 326.4 4814.4 
1600 200 522.5 458 7.7 4023.3 3526.6 488.0 3757.6 0.11 4224 0.008 307.2 4531.2 
1500 187.5 522.5 458 7.2 3771.8 3306.2 488.0 3522.8 0.11 3960 0.008 288 4248 
1400 175 522.5 458 6.7 3520.3 3085.8 488.0 3287.9 0.11 3696 0.008 268.8 3964.8 
1300 162.5 522.5 458 6.3 3268.9 2865.4 488.0 3053.1 0.11 3432 0.008 249.6 3681.6 
1200 150 522.5 458 5.8 3017.4 2645.0 488.0 2818.2 0.11 3168 0.008 230.4 3398.4 
1100 137.5 522.5 458 5.3 2766.0 2424.5 488.0 2583.4 0.11 2904 0.008 211.2 3115.2 
1000 125 522.5 458 4.8 2514.5 2204.1 488.0 2348.5 0.11 2640 0.008 192 2832 
900 112.5 522.5 458 4.3 2263.1 1983.7 488.0 2113.7 0.11 2376 0.008 172.8 2548.8 
800 100 522.5 458 3.9 2011.6 1763.3 488.0 1878.8 0.11 2112 0.008 153.6 2265.6 
700 87.5 522.5 458 3.4 1760.2 1542.9 488.0 1644.0 0.11 1848 0.008 134.4 1982.4 
600 75 522.5 458 2.9 1508.7 1322.5 488.0 1409.1 0.11 1584 0.008 115.2 1699.2 
500 62.5 522.5 458 2.4 1257.3 1102.1 488.0 1174.3 0.11 1320 0.008 96 1416 
400 50 522.5 458 1.9 1005.8 881.7 488.0 939.4 0.11 1056 0.008 76.8 1132.8 
300 37.5 522.5 458 1.4 754.4 661.2 488.0 704.6 0.11 792 0.008 57.6 849.6 
200 25 522.5 458 1.0 502.9 440.8 488.0 469.7 0.11 528 0.008 38.4 566.4 
100 12.5 522.5 458 0.5 251.5 220.4 488.0 234.9 0.11 264 0.008 19.2 283.2 
 
 
 
 
Appendix C 
Data Analysis (Singapore) 
Cost of  
electricity 
used/day 
($) 
Port 
facility 
cost/kWh 
($) 
Port 
facility 
cost/day 
($) 
Vessel 
power 
requirements 
(kW) 
Total Cost 
$ 
(Electricity) 
Cost/KW 
electricity 
($) 
Qty of fuel 
consumed/day 
(M/T) 
Cost of 
MDO/day 
($) 
Cost of 
MGO/day 
($) 
0.1% 
Sulphur 
MGO 
0.1% 
Sulphur/day
Gram/kW hr 
per vessel 
MDO/MT 
($) 
MGO/MT 
($) 
2000 250 514 522 9.6 4947.3 5024.3 552.0 5313.0 0.16 7680 0.008 384 8064 
1900 238 514 522 9.1 4699.9 4773.0 552.0 5047.4 0.16 7296 0.008 365 7660.8 
1800 225 514 522 8.7 4452.5 4521.8 552.0 4781.7 0.16 6912 0.008 346 7257.6 
1700 213 514 522 8.2 4205.2 4270.6 552.0 4516.1 0.16 6528 0.008 326 6854.4 
1600 200 514 522 7.7 3957.8 4019.4 552.0 4250.4 0.16 6144 0.008 307 6451.2 
1500 188 514 522 7.2 3710.4 3768.2 552.0 3984.8 0.16 5760 0.008 288 6048 
1400 175 514 522 6.7 3463.1 3517.0 552.0 3719.1 0.16 5376 0.008 269 5644.8 
1300 163 514 522 6.3 3215.7 3265.8 552.0 3453.5 0.16 4992 0.008 250 5241.6 
1200 150 514 522 5.8 2968.4 3014.6 552.0 3187.8 0.16 4608 0.008 230 4838.4 
1100 138 514 522 5.3 2721.0 2763.3 552.0 2922.2 0.16 4224 0.008 211 4435.2 
1000 125 514 522 4.8 2473.6 2512.1 552.0 2656.5 0.16 3840 0.008 192 4032 
900 113 514 522 4.3 2226.3 2260.9 552.0 2390.9 0.16 3456 0.008 173 3628.8 
800 100 514 522 3.9 1978.9 2009.7 552.0 2125.2 0.16 3072 0.008 154 3225.6 
700 87.5 514 522 3.4 1731.5 1758.5 552.0 1859.6 0.16 2688 0.008 134 2822.4 
600 75 514 522 2.9 1484.2 1507.3 552.0 1593.9 0.16 2304 0.008 115 2419.2 
500 62.5 514 522 2.4 1236.8 1256.1 552.0 1328.3 0.16 1920 0.008 96 2016 
400 50 514 522 1.9 989.5 1004.9 552.0 1062.6 0.16 1536 0.008 76.8 1612.8 
300 37.5 514 522 1.4 742.1 753.6 552.0 797.0 0.16 1152 0.008 57.6 1209.6 
200 25 514 522 1.0 494.7 502.4 552.0 531.3 0.16 768 0.008 38.4 806.4 
100 12.5 514 522 0.5 247.4 251.2 552.0 265.7 0.16 384 0.008 19.2 403.2 
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Appendix D 
Data Analysis (Fujairah) 
Cost of  
electricity 
used/day 
($) 
Port 
facility 
cost/kWh 
($) 
Port 
facility 
cost/day 
($) 
Total Cost 
$ 
(Electricity) 
Cost/KW 
electricity 
($) 
Qty of fuel 
consumed/
day (M/T) 
Cost of 
MDO/day 
($) 
Cost of 
MGO/day 
($) 
0.1% 
Sulphur 
MGO 
Vessel power 
requirements 
(kW) 
0.1% 
Sulphur/day 
Gram/kW hr 
per vessel 
MDO 
cost/M/T 
MGO 
cost/M/T 
2000 250 790 502 9.6 7603.8 4831.8 532.0 5120.5 0.03 1440 0.008 384 1824 
1900 237.5 790 502 9.1 7223.6 4590.2 532.0 4864.5 0.03 1368 0.008 364.8 1732.8 
1800 225 790 502 8.7 6843.4 4348.6 532.0 4608.5 0.03 1296 0.008 345.6 1641.6 
1700 212.5 790 502 8.2 6463.2 4107.0 532.0 4352.4 0.03 1224 0.008 326.4 1550.4 
1600 200 790 502 7.7 6083.0 3865.4 532.0 4096.4 0.03 1152 0.008 307.2 1459.2 
1500 187.5 790 502 7.2 5702.8 3623.8 532.0 3840.4 0.03 1080 0.008 288 1368 
1400 175 790 502 6.7 5322.6 3382.2 532.0 3584.4 0.03 1008 0.008 268.8 1276.8 
1300 162.5 790 502 6.3 4942.4 3140.6 532.0 3328.3 0.03 936 0.008 249.6 1185.6 
1200 150 790 502 5.8 4562.3 2899.1 532.0 3072.3 0.03 864 0.008 230.4 1094.4 
1100 137.5 790 502 5.3 4182.1 2657.5 532.0 2816.3 0.03 792 0.008 211.2 1003.2 
1000 125 790 502 4.8 3801.9 2415.9 532.0 2560.3 0.03 720 0.008 192 912 
900 112.5 790 502 4.3 3421.7 2174.3 532.0 2304.2 0.03 648 0.008 172.8 820.8 
800 100 790 502 3.9 3041.5 1932.7 532.0 2048.2 0.03 576 0.008 153.6 729.6 
700 87.5 790 502 3.4 2661.3 1691.1 532.0 1792.2 0.03 504 0.008 134.4 638.4 
600 75 790 502 2.9 2281.1 1449.5 532.0 1536.2 0.03 432 0.008 115.2 547.2 
500 62.5 790 502 2.4 1900.9 1207.9 532.0 1280.1 0.03 360 0.008 96 456 
400 50 790 502 1.9 1520.8 966.4 532.0 1024.1 0.03 288 0.008 76.8 364.8 
300 37.5 790 502 1.4 1140.6 724.8 532.0 768.1 0.03 216 0.008 57.6 273.6 
200 25 790 502 1.0 760.4 483.2 532.0 512.1 0.03 144 0.008 38.4 182.4 
100 12.5 790 502 0.5 380.2 241.6 532.0 256.0 0.03 72 0.008 19.2 91.2 
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Appendix E 
High cost port 
Number 
of 
berths 
Converter Cost($) Installation Cost($) Total Cost/ Berth High Voltage 
Connection($) Small Medium Large Small Medium Large Small Medium Large 
1 378350.0 213000 284250 355250 159750 213188 266438 186375 248719 310844
2 340515.0 191700 255825 319725 143775 191869 239794 167738 223847 279759
3 306463.5 172530 230243 287753 129398 172682 215814 150964 201462 251783
4 275817.2 155277 207218 258977 116458 155414 194233 135867 181316 226605
5 248235.4 139749 186496 233080 104812 139872 174810 122281 163184 203945
6 223411.9 125774 167847 209772 94331 125885 157329 110053 146866 183550
7 201070.7 113197 151062 188794 84898 113297 141596 99047 132179 165195
8 180963.6 101877 135956 169915 76408 101967 127436 89143 118961 148676
9 162867.3 91690 122360 152923 68767 91770 114693 80228 107065 133808
10 146580.5 82521 110124 137631 61890 82593 103223 72205 96359 120427
11 131922.5 74269 99112 123868 55701 74334 92901 64985 86723 108385
12 118730.2 66842 89201 111481 50131 66900 83611 58486 78051 97546
13 106857.2 60157 80281 100333 45118 60210 75250 52638 70246 87791
14 96171.5 54142 72253 90300 40606 54189 67725 47374 63221 79012
15 86554.3 48728 65027 81270 36546 48770 60952 42637 56899 71111
16 77898.9 43855 58525 73143 32891 43893 54857 38373 51209 64000
17 70109.0 39469 52672 65829 29602 39504 49371 34536 46088 57600
18 63098.1 35522 47405 59246 26642 35554 44434 31082 41479 51840
19 56788.3 31970 42664 53321 23978 31998 39991 27974 37331 46656
20 51109.5 28773 38398 47989 21580 28798 35992 25176 33598 41990
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Appendix F 
Low cost port 
Number 
of 
berths 
Converter Cost($) Installation Cost($) Total Cost per Berth High Voltage 
Connection($) Small Medium Large Small medium Large Small Medium Large 
1 181500 213000 284250 355250 159750 213188 266438 186375 248719 310844
2 163350.0 191700 255825 319725 143775 191869 239794 167738 223847 279759
3 147015.0 172530 230243 287753 129398 172682 215814 150964 201462 251783
4 132313.5 155277 207218 258977 116458 155414 194233 135867 181316 226605
5 119082.2 139749 186496 233080 104812 139872 174810 122281 163184 203945
6 107173.9 125774 167847 209772 94331 125885 157329 110053 146866 183550
7 96456.5 113197 151062 188794 84898 113297 141596 99047 132179 165195
8 86810.9 101877 135956 169915 76408 101967 127436 89143 118961 148676
9 78129.8 91690 122360 152923 68767 91770 114693 80228 107065 133808
10 70316.8 82521 110124 137631 61890 82593 103223 72205 96359 120427
11 63285.1 74269 99112 123868 55701 74334 92901 64985 86723 108385
12 56956.6 66842 89201 111481 50131 66900 83611 58486 78051 97546
13 51261.0 60157 80281 100333 45118 60210 75250 52638 70246 87791
14 46134.9 54142 72253 90300 40606 54189 67725 47374 63221 79012
15 41521.4 48728 65027 81270 36546 48770 60952 42637 56899 71111
16 37369.2 43855 58525 73143 32891 43893 54857 38373 51209 64000
17 33632.3 39469 52672 65829 29602 39504 49371 34536 46088 57600
18 30269.1 35522 47405 59246 26642 35554 44434 31082 41479 51840
19 27242.2 31970 42664 53321 23978 31998 39991 27974 37331 46656
20 24518.0 28773 38398 47989 21580 28798 35992 25176 33598 41990
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